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TKis tKesis investiJates tKe FapaEiOities oI KiJK-preFision GiJitaO printinJ teFKnoOoJies in
tKe IaEriFation oI miniatXri]eG Fomponents Ior eOeFtroniFs paFNaJinJ transistor interFon-
neFts anG monoOitKiFaOOy inteJrateG OaE-on-sNin systems Ior EiosiJnaO monitorinJ In Jen-
eraO tKe printinJ teFKnoOoJies sXIIer Irom poor resoOXtion FompareG to FonventionaO OitK-
oJrapKiF IaEriFation metKoGs ZKiFK Oimits tKe OeveO oI miniatXri]ation Ior printeG eOeF-
troniFs Fomponents GeviFes anG FirFXits TKis OeaGs to tKeir siJniIiFantOy OoZer perIor-
manFe FompareG to FonventionaO eOeFtroniFs +oZever Fertain appOiFation areas e[ist
ZKere pXsKinJ tKe enveOope oI printinJ teFKnoOoJies toZarGs KiJKer resoOXtion anG pre-
Fision ZoXOG resXOt in tKe aGGition oI neZ IXnFtionaOities
RepOaFinJ OitKoJrapKiF IaEriFation oI KiJK-Gensity FirFXitries oI eOeFtroniFs paFNaJes ZitK
KiJK-resoOXtion eOeFtroKyGroGynamiF inNMet (-Met printinJ FoXOG resXOt in KiJKer OeveOs oI
FXstomi]aEiOity anG reGXFeG environmentaO impaFts In tKis tKesis tKe parameters aIIeFt-
inJ (-Met printinJ resoOXtion Zere stXGieG XsinJ statistiFaO tooOs tKe resXOtinJ reJression
moGeO appOieG Ior GropOet Giameters oI 5 m to  m anG KaG a FoeIIiFient oI Getermi-
nation Rð oI   ZitK a resiGXaO oI 11 m )inaOOy tKe FomEination oI (-Met anG inNMet
printinJ is GemonstrateG in tKe IaEriFation oI a KiJK-Gensity 55 m ZiGtKspaFinJ mXO-
tiOayer reGistriEXtion Oayer RDL Ior a siOiFon interposer
(-Met printinJ FoXOG Ee aOso XseG to enKanFe tKe interFonneFt Gensity anG FonFomitant
perIormanFe oI appOiFation speFiIiF printeG eOeFtroniF FirFXits A63(& ZKiFK in tKem-
seOves are aOreaGy an enKanFement oI tKe e[istinJ appOiFation speFiIiF inteJrateG FirFXits
A6I& in tKat tKey aOOoZ IieOG FonIiJXraEiOity oI tKe preIaEriFateG OoJiF FirFXits In tKis
tKesis (-Met printinJ Zas FompareG to aerosoO Met A- pie]oeOeFtriF inNMet anG OitKo-
JrapKiF IaEriFation metKoGs Ior tKe IaEriFation oI A63(&s TZo GiIIerent interFonneFt
strXFtXres Zere XseG anG in EotK Fases tKe (-Met printinJ FompareG IavoXraEOy to A- anG
pie]oeOeFtriF inNMet printinJ teFKnoOoJies
3ie]oeOeFtriF inNMet printinJ Fannot Ee FonsiGereG a trXe KiJK-resoOXtion teFKnoOoJy sim-
iOar to (-Met printinJ GXe to its OarJe GropOet voOXme pL vs IL +oZever it may stiOO Ee
XseG to print smaOO ie high-precision strXFtXres reTXireG Ior e[ampOe in transistor IaE-
riFation TKe KiJK-preFision printinJ FapaEiOity FoXpOeG ZitK a OarJe GropOet voOXme ena-
EOes KiJKer tKroXJKpXt ZKen IaEriFatinJ ampOiIiers ZitK monoOitKiFaOOy inteJrateG aFtive
anG passive Fomponents In tKis tKesis a pie]oeOeFtriF inNMet Zas XseG Ior tKe IaEriFation
oI soXrFeGrain 6D eOeFtroGes Ior transistors ZitK a1 m FKanneO OenJtK toJetKer ZitK
monoOitKiFaOOy inteJrateG OarJe area paraOOeO pOate FapaFitors anG resistors TKe resXOtinJ
FKarJe ampOiIier optimi]eG Ior pXOse Zave 3: measXrements KaG a Jain oI 1 9n&
ZitK a pass EanG oI 5 M+] to  +] )XrtKermore tKe perIormanFe oI tKe ampOiIier Zas
evaOXateG Ior 3: measXrements Ey ampOiIyinJ a 3: siJnaO reForGeG XsinJ pie]oeOeFtriF
poOyvinyOiGene-triIOXoroetKyOene 39D)-Tr)( pressXre Irom tKe raGiaO artery at tKe
Zrist anG anaOy]inJ tKe ampOiIieG siJnaO Ior FOiniFaOOy reOevant 3: IeatXres As a sXpport-
inJ stXGy tKe 3: siJnaO JenerateG Ey a IXOOy printeG 39D)-Tr)( pressXre sensor Zas
evaOXateG in a pre-FOiniFaO stXGy ZitK a statistiFaOOy siJniIiFant nXmEer oI stXGy sXEMeFts
 &OiniFaOOy reOevant inGiFes Zere FaOFXOateG Irom tKe 3: siJnaO JenerateG Ey tKe
39D)-Tr)( sensor anG tKese Zere FompareG to FonFXrrent measXrement ZitK a reI-
erenFe 3: sensor *ooG aJreement EetZeen tKe 3: sensors FoXOG Ee IoXnG in tKe
Fase oI tKe stiIIness inGe[ 6I anG raGiaO aXJmentation inGe[ rAI[

i3UefaFe
TKe ZorN reOateG to tKis tKesis Zas Gone Ey tKe 3rinteG (OeFtroniFs ResearFK *roXp at Tampere
University )inOanG Irom 1 to 1
TKis tKesis Zas maGe possiEOe Ey (1IA&--UTeNes IXnGeG 3rominent TeNes IXnGeG 1aNeG Ap-
proaFK anG AFaGemy oI )inOanG IXnGeG 9asFXOar %iomeFKaniFs Assessment proMeFts I aOso ZisK
to aFNnoZOeGJe tKe TXXOa anG <rM| 1eXvo )oXnGation anG (OeFtroniF (nJineers )oXnGation Ior tKeir
JeneroXs personaO Jrants anG TU DresGen Ior tKe researFK e[FKanJe Jrant
As Ior tKe non-IinanFiaO sXpport I ZoXOG Iirst anG Ioremost OiNe to e[press my JratitXGe to my sXper-
visor 3roI Matti MlntysaOo Ior Kis JXiGanFe anG sXpport tKroXJKoXt tKe tKesis ZorN I aOso ZisK to
tKanN Dist 3roI 6Ki]Xo ToNito at tKe ToNito-KXmaNi-6eNine LaEoratory <amaJata University -apan
anG 3roI KarO-+ein] %oFN at tKe InstitXte oI (OeFtroniF 3aFNaJinJ TeFKnoOoJy InstitXt Ir AXIEaX
XnG 9erEinGXnJsteFKniN TU DresGen *ermany Ior OettinJ me EeneIit Irom tKeir e[pertise anG in-
IrastrXFtXre Many tKanNs aOso Jo to aOO tKe Fo- main- anG Fo-main-aXtKors espeFiaOOy tKe IoOOoZinJ
3roI 1iNX 2NsaOa AssoF 3roI +iroyXNi MatsXi Assist 3roI Antti 9eKNaoMa Assist 3roI TomoKito
6eNine as ZeOO as MoKammaG MasKayeNKi 3KD anG MiNNo 3eOtoNanJas M6F I aOso ZisK to
e[press my JratitXGe to tKe FXrrent anG Iormer FoOOeaJXes at tKe LaEoratory oI )XtXre (OeFtroniFs
espeFiaOOy %eKnam KKorramGeO D6F Assist 3roI -iantonJ Li Tiina 9Xorinen M6F RiiNNa MiN-
Nonen M6F MiOaG MosaOOaei M6F Anna RaiOanmaa M6F Miao Li M6F -ari KesNinen D6F
Martin 6FKXEert M6F 6eEastian LnJen M6F anG Oast EXt GeIiniteOy not Oeast Karem Lo]ano
Montero %6F TKanN yoX Ior aOO tKe KeOpIXO anG not-so-KeOpIXO Fonversations ZKiFK someKoZ
enGeG Xp KeOpinJ tKe most
DXrinJ tKe stXGies I aOso KaG tKe opportXnity to esFape tKe +ervanta--lmiMlrvi-3ori trianJOe anG
tKere I met some Jreat peopOe ZortK a mention 9arvara 6aOoniNiGoX M6F %arEara-san %asan-
aJoXGa 3atiO M6F %asX-san Taisei Mano M6F anG +iroyXNi 1aNamXra M6F ³AriJat}´ very
mXFK
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I /auUila 0 0 KKorramGeO % DastpaN A MlntysaOo M ³6tatistiFaO AnaOysis oI (-Met 3rint
3arameter (IIeFts on AJ-nanopartiFOe InN DropOet 6i]e´ -oXrnaO oI MiFromeFKaniFs anG Mi-
FroenJineerinJ 1 p 55
II /auUila 00 KKorramGeO % MlntysaOo M ´&omEination oI (-Met anG InNMet 3rintinJ Ior
AGGitive )aEriFation oI MXOtiOayer +iJK-Density RDL oI 6iOiFon Interposer I((( TransaF-
tions on (OeFtron DeviFes 1 pp 11-1
III MasKayeNKi M :inFKester L LoXise ( 3ease T /auUila 00 MlntysaOo M 2Jier 6
Teres L &arraEina - ³(vaOXation oI AerosoO 6XperIine InNMet anG 3KotoOitKoJrapKy 3rint-
inJ TeFKniTXes Ior MetaOOi]ation oI AppOiFation 6peFiIiF 3rinteG (OeFtroniF &irFXits´ I(((
TransaFtions on (OeFtron DeviFes 1 pp 1-15
I9 MasKayeNKi M :inFKester L /auUila 00 MlntysaOo M 2Jier 6 Teres L &arraEina
- ³&Kip-Ey-&Kip &onIiJXraEOe InterFonneFtion UsinJ DiJitaO 3rintinJ TeFKniTXes´ -oXrnaO
oI MiFromeFKaniFs anG MiFroenJineerinJ 1 p  5
9 /auUila 00 MatsXi M 6KiZaNX R 3eOtoNanJas M 9erKo - Montero L K 6eNine T
9eKNaoMa A 2NsaOa 1 ToNito 6 MlntysaOo M ´A )XOOy 3rinteG UOtra-TKin &KarJe AmpOi-
Iier Ior 2n-6Nin %iosiJnaO MeasXrements´ -oXrnaO oI (OeFtron DeviFe 6oFiety 1 pp
5-5
9I /auUila 00 3eOtoNanJas M Montero K M +onNanen M 6iponNosNi T -XXti -
TXXNNanen 6 2NsaOa 1 9eKNaoMa A MlntysaOo M ´(vaOXation oI 3rinteG 39D)-Tr)(
3ressXre 6ensor 6iJnaO 4XaOity in ArteriaO 3XOse :ave MeasXrement´ I((( 6ensor -oXr-
naO AFFepteG Ior pXEOiFation D2I 111-6(11
1 ,ntUoGuFtion
TKe miniatXri]ation oI eOeFtroniF GeviFes Kas Eeen one oI tKe maMor Grivers EeKinG tKe XniversaO
aGoption oI eOeFtroniF eTXipment in oXr every-Gay OiIe TKe most prominent sXFFess oI tKis paraGiJm
Kas Eeen tKe IaEriFation oI FXrrent KanG-KeOG portaEOe FompXters tKat Iar oXtperIorm tKe taEOe-top
FompXters oI  years aJo 2ne FoXOG tKereIore arJXe tKat tKe inFreaseG operatinJ speeG oI tKe
eOeFtroniF GeviFes is as important as tKe GeviFe miniatXri]ation +oZever even tKe ZeOO-NnoZn
Moore¶s OaZ is in IaFt a OaZ oI miniatXri]ation insteaG oI proFessinJ speeG EeFaXse it states tKat
tKe transistor Gensity on inteJrateG FirFXit I& FKips ZiOO GoXEOe every 1 montKs >1@ TKe sXFFess oI
Moore¶s OaZ in preGiFtinJ tKe inFrease in operatinJ speeG is EaseG on tKe miniaturization  oI transis-
tors TKis OeaGs to Iaster sZitFKinJ speeGs aFForGinJ to DennarG sFaOinJ >@ anG tKe aEiOity to IaEri-
Fate FompOe[ FirFXits tKroXJK monoOitKiF inteJration oI aFtive anG passive GeviFes on tKe same sem-
iFonGXFtor FKip KiOEy¶s invention >@ ZKiFK enaEOes Iaster FommXniFation EetZeen tKe GeviFes
AnotKer Iorm oI miniatXri]ation Kas taNen pOaFe on a KiJKer eOeFtroniFs paFNaJinJ OeveO ZKere more
IXnFtionaOities Kave Eeen inForporateG in tKe same paFNaJe sXFK as in tKe Fase oI monoOitKiF inte-
Jration oI miFroeOeFtromeFKaniFaO system M(M6 transGXFers anG proFessinJ FirFXits on tKe same
FKip >@ TKis Kas reGXFeG tKe nXmEer oI reTXireG paFNaJes on printeG FirFXit EoarGs 3&% anG aOso
inFreaseG tKe operatinJ speeGs GXe to sKorter siJnaO patKs EetZeen GeviFes insiGe tKe paFNaJe >@
At tKe moment tKe maMority oI eOeFtroniF Fomponent IaEriFation proFesses empOoy tooOs ZKiFK are
EaseG on sXEtraFtinJ ie etFKinJ materiaO to Iorm eOeFtriFaOOy IXnFtionaO IeatXres TKese sXEtraFtive
IaEriFation metKoGs are KiJKOy aGvanFeG anG are aEOe to proGXFe Kori]ontaO IeatXres at a resoOXtion
oI 1 nanometres >5@ or IeZ KXnGreG atoms anG vertiFaO IeatXres at resoOXtions oI appro[imateOy
one nanometre >@ or a IeZ atoms +oZever tKey aOso sXIIer Irom GraZEaFNs sXFK as FompOiFateG
mXOti-step proFess IOoZs OarJe amoXnts oI Zaste materiaOs anG tKe Xse oI Ka]arGoXs etFKinJ FKem-
iFaOs
TKese GraZEaFNs Kave proGXFeG tKe on-JoinJ paraGiJm sKiIt in eOeFtroniF IaEriFation toZarGs more
environmentaOOy IrienGOy aGGitive IaEriFation metKoGs FoOOoTXiaOOy NnoZn as printeG eOeFtroniFs
TKese metKoGs seOeFtiveOy Geposit soOXtion proFessaEOe materiaOs in tKe reTXireG areas IoOOoZeG Ey
sXitaEOe post-proFessinJ steps eJ FXrinJ or sinterinJ >@ TKis proFess is tKen repeateG XntiO tKe
FompOete GeviFe Kas Eeen EXiOt on tKe sXEstrate In aGGition to tKe oEvioXs materiaO savinJ potentiaO
aGGitive IaEriFation metKoGs aOso reGXFe tKe proFessinJ temperatXre nXmEer oI reTXireG proFess
steps anG simpOiIy tKe IaEriFation proFess to enaEOe more IOe[iEOe proFess IOoZs (speFiaOOy GiJitaO
printinJ teFKnoOoJies eJ inNMet anG eOeFtroKyGroGynamiF Met printinJ oIIer KiJKOy FXstomi]aEOe pro-
Fess IOoZs Ey XsinJ GiJitaO printinJ IiOes insteaG oI pKysiFaO masNs +oZever EeFaXse tKe maMority oI
tKe printeG eOeFtroniFs IaEriFation tooOs Kave Eeen aGapteG Irom JrapKiF art proFesses eJ sFreen
JravXre IOe[oJrapKy anG inNMet printinJ tKey aOso sXIIer Irom tKe same GraZEaFNs TKe most no-
taEOe oI tKese are tKeir OimiteG resoOXtion >@ At Eest GiJitaO printinJ tooOs are aEOe to proGXFe IeatXres
on a sFaOe oI a IeZ miFrometres or tKree orGers oI maJnitXGe more tKan tKe aIorementioneG sXE-
traFtive metKoGs It is tKereIore important to investiJate KoZ to inFrease tKe resoOXtion anG reGXFe
tKe FritiFaO IeatXre si]e in orGer to enaEOe tKe miniatXri]ation anG ZiGer aGoption oI printed eOeFtron-
iFs GeviFes
 AiP anG sFoSe of tKe tKesis
TKis tKesis investiJates tKe FapaEiOities anG Oimitations oI tKree KiJK-preFision GiJitaO printinJ teFK-
noOoJies tKe pie]oeOeFtriF inNMet eOeFtroKyGroGynamiF inNMet anG aerosoO Met printinJ TKe term KiJK-
preFision is XseG Kere to inFOXGe EotK KiJK resoOXtion and Iine IeatXre si]es EotK oI ZKiFK are re-
TXireG to IaEriFate miniatXri]eG Fomponents anG inFrease tKeir operatinJ speeG
)irst tKe printinJ parameters aIIeFtinJ tKe resoOXtion oI tKe eOeFtroKyGroGynamiF inNMet (-Met printer
are stXGieG TKis is IoOOoZeG Ey Fomparison oI pie]oeOeFtriF inNMet aerosoO anG (-Met printinJ TXaOity
espeFiaOOy tKe resoOXtion Ior interFonneFteG IaEriFation Ior appOiFation-speFiIiF printeG eOeFtroniF
FirFXits A63(& anG a Gemonstration oI (-Metpie]oeOeFtriF inNMet printeG KiJK-Gensity 55m :6
reGistriEXtion Oayers in eOeFtroniFs paFNaJinJ appOiFations TKe KiJK-preFision printinJ FapaEiOity oI
tKe pie]oeOeFtriF inNMet printer is GemonstrateG in tKe IaEriFation oI a FKarJe ampOiIier ZitK monoOitK-
iFaOOy inteJrateG passive Fomponents tKe reproGXFiEOe IaEriFation oI soXrFeGrain eOeFtroGes Ior or-
JaniF transistors ZitK a OenJtK Oess tKan 1 m is GemonstrateG )inaOOy a pie]oeOeFtriF sensor sys-
tem ZitK pie]oeOeFtriF inNMet printeG Eottom eOeFtroGe is GemonstrateG
 6tUuFtuUe of tKe tKesis
TKis tKesis is GiviGeG into tKree FKapters anG a FonFOXsion TKe Iirst FKapter introGXFes tKe topiF oI
tKe tKesis IoOOoZeG Ey a sKort GisFXssion on its aims anG sFope anG FonFOXGes ZitK tKe aXtKors
FontriEXtions to tKe pXEOiFations presenteG at tKe enG oI tKe tKesis TKe seFonG FKapter GisFXsses
tKe IXnGamentaOs oI KiJK-preFision patterninJ in printeG eOeFtroniFs anG presents tKe tKree main
printinJ teFKnoOoJies pie]oeOeFtriF inNMet eOeFtroKyGroGynamiF inNMet anG aerosoO Met printinJ em-
pOoyeG in tKe pXEOiFations TKe tKirG FKapter introGXFes tKe tKree GiIIerent printeG eOeFtroniFs appOi-
Fations ZKere KiJK-preFision patterninJ is reTXireG anG aOso GisFXsses anG e[panGs Xpon tKe re-
searFK resXOts oI tKe pXEOiFations
 7Ke autKoU¶s FontUiEution
3uEliFation , TKe aXtKor Zas tKe main FontriEXtor GesiJneG tKe e[periments IaEriFateG anG meas-
XreG tKe test strXFtXres anaOy]eG tKe Gata anG Zrote tKe manXsFript % KKorramGeO anG A DastpaN
KeOpeG to Farry oXt tKe measXrement system anaOysis M MlntysaOo reviseG anG improveG tKe man-
XsFript
3uEliFation ,, TKe aXtKor Zas a Fo-FontriEXtor anG GesiJneG tKe print IiOes optimi]eG tKe proFess
IaEriFateG tKe test strXFtXres anaOy]eG tKe resXOts anG Zrote a FKapter in tKe manXsFript reJarGinJ
(-Met printinJ TKe FKapter Zas tKen reviseG anG improveG Ey otKer Fo-aXtKors
3uEliFation ,,, TKe aXtKor Zas a Fo-FontriEXtor anG GesiJneG tKe print IiOes IaEriFateG tKe test
strXFtXres anG Zrote a FKapter in tKe manXsFript reJarGinJ (-Met printinJ TKe FKapter Zas tKen
reviseG anG improveG Ey otKer Fo-aXtKors
3uEliFation ,9 TKe aXtKor Zas tKe main FontriEXtor anG GesiJneG IaEriFateG anG measXreG tKe
test strXFtXres anaOy]eG tKe Gata anG Zrote tKe manXsFript % KKorramGeO GiG tKe 6(M imaJinJ
anG anaOysis M MlntysaOo reviseG anG improveG tKe manXsFript
3uEliFation 9 TKe aXtKor Zas tKe main FontriEXtor anG GesiJneG IaEriFateG anG measXreG tKe test
strXFtXres anaOy]eG tKe Gata anG Zrote most parts oI tKe manXsFript + MatsXi GesiJneG tKe FKarJe
ampOiIier anG Zrote tKe ampOiIier GesiJn paraJrapK R 6KiZaNX KeOpeG ZitK tKe IaEriFation oI tKe test
strXFtXres M 3eOtoNanJas GiG tKe arteriaO pXOse Zave measXrements anaOy]eG tKe Gata anG Zrote
tKe respeFtive paraJrapK - 9erKo GesiJneG anG impOementeG tKe EXIIer ampOiIier anG K Lo]ano
Montero IaEriFateG tKe 39D)-Tr)( pXOse Zave sensors TKe manXsFript Zas reviseG anG improveG
Ey otKer Fo-aXtKors
3uEliFation 9, TKe aXtKor sKareG tKe main FontriEXtion ZitK M 3eOtoNanJas +e GeveOopeG tKe
IaEriFation proFess anG GesiJneG tKe 39D)-Tr)( pXOse Zave sensors ZKiFK Ke aOso KeOpeG to
IaEriFate anG FKaraFteri]e anG Zrote most parts oI tKe manXsFript M 3eOtoNanJas measXreG anG
anaOy]eG tKe arteriaO pXOse Zave siJnaOs anG Zrote tKe respeFtive paraJrapKs K Lo]ano Montero
IaEriFateG tKe 39D)-Tr)( pXOse Zave sensors T 6iponNosNi tooN tKe poOari]ation-eOeFtriF IieOG
Kysteresis Ooop measXrements TKe manXsFript Zas reviseG anG improveG Ey otKer Fo-aXtKors
3rinteG eOeFtroniFs empOoys soOvent EaseG materiaOs ie soOXtions or Gispersions JeneraOOy re-
IerreG to as inks to maNe eOeFtriFaOOy IXnFtionaO IeatXres ZKiFK may Ee eitKer FonGXFtinJ semi-Fon-
GXFtinJ or GieOeFtriF UsinJ materiaOs ZitK tKese tKree properties it is possiEOe to IaEriFate FonGXFtors
>@ inGXFtors >1@ resistors >11@ FapaFitors >1@ transistors >1@ GioGes >1@ anG GiIIerent types oI
transGXFers >1@ reTXireG to maNe any Iorm oI eOeFtroniF eTXipment In orGer to aFKieve tKe reTXireG
eOeFtriFaO IXnFtionaOity tKe materiaO properties Kave to Ee FKosen to sXit tKe appOiFation Ior e[ampOe
an orJaniF OiJKt emittinJ GioGe reTXires a speFiIiF type oI semi-FonGXFtinJ materiaO ie a GireFt
EanG-Jap semiFonGXFtor FompareG to a simpOe GioGe anG a pie]oeOeFtriF sensor reTXires a speFiIiF
type oI GieOeFtriF ie a IerroeOeFtriF GieOeFtriF FompareG to a simpOe FapaFitor 6eFonGOy a sXitaEOe
inN IormXOation mXst Ee IoXnG EeFaXse tKe inN rKeoOoJy eJ tKe visFosity anG sXrIaFe tension anG
otKer pKysiFaO properties eJ tKe soOvent vapoXr pressXre anG partiFOe si]e aIIeFt tKe TXaOity oI tKe
GepositeG IiOm )ortXnateOy tKe inN IormXOation proEOem Kas Eeen soOveG Ior most materiaO types so
tKat tKere are severaO FommerFiaOOy avaiOaEOe inNs FXstomi]eG Ior GiIIerent printinJ tooOs TKirGOy a
sXitaEOe printinJ tooO mXst Ee FKosen TKe most notaEOe GiIIerenFes in printinJ tooO FKaraFteristiFs
are reOateG to tKeir resoOXtion anG tKroXJKpXt see TaEOe 1 ZKiOe tKe GireFt Geposition Grop-on-
GemanG teFKnoOoJies eJ pie]oeOeFtriF inNMet anG (-Met printinJ oIIer aGGitionaO EeneIits oI KavinJ
KiJKOy FXstomi]aEOe proFess IOoZs GXe to tKeir Xse oI GiJitaO print IiOes insteaG oI pKysiFaO print roOOs
or masNs >15@ >@ AOtKoXJK tKe resoOXtion oI tKe pie]oeOeFtriF inNMet is OimiteG to -5 m it Kas a
KiJK GropOet position aFFXraFy oI 5 m ZKiFK enaEOes KiJK preFision patterninJ reTXireG in Fertain
appOiFations eJ transistor FKanneO OenJtKs TKe (-Met printinJ is aOso sXiteG Ior KiJK-Gensity FirFXits
ZKere a smaOO Oine ZiGtK is important ToJetKer tKese tZo printinJ metKoGs Fan tKereIore Ee termeG
³GiJitaO KiJK-preFision printinJ teFKniTXes´
TKe motivation oI tKis FKapter is to XnGerstanG tKe FapaEiOities tKese KiJK-preFision GiJitaO printinJ
teFKnoOoJies Kave Ior IaEriFation oI miniatXri]eG printeG eOeFtroniFs GeviFes GisFXsseG in &Kapter 
)irst tKe IXnFtioninJ prinFipOes oI tKe printinJ metKoGs are e[pOaineG IoFXsinJ on parameters ZKiFK
aIIeFt tKeir KiJK preFision pattern Iormation eJ positioninJ aFFXraFy GropOet si]e etF anG IoOOoZeG
 'igital KigKSUeFision SUinting teFKniTues
5Ey a Fomparison oI tKeir EeneIitsaGvantaJes TKis is IoOOoZeG Ey introGXFtion oI tKe term ³KiJK pre-
Fision pattern Iormation´ tKroXJK tKe FonFepts oI resoOXtion anG GropOet ZettinJ on tKe sXEstrate
sXrIaFe In aGGition tKe parameters aIIeFtinJ tKe Oine ZiGtK anG eGJesXrIaFe roXJKness are e[-
pOaineG EeFaXse tKey are important Ior FreatinJ XniIorm IeatXres ZitKoXt XnZanteG open or sKort
FirFXits tKat FoXOG OeaG to GeIeFts in KiJKOy miniatXri]eG GeviFes
TaEOe 1 &omparison oI GiIIerent printinJ teFKnoOoJies AGapteG Irom >@








3ie]oeOeFtriF inNMet -5 1-1 1-5 DiJitaO
(OeFtroKyGroGynamiF inNMet 1 1-1 1 DiJitaO
DispensinJ 1-1 5-1 6inJOe stroNe DiJitaO
2IIset 1 1-1 1 3KysiFaO
*ravXre 1-5 1-1 1 3KysiFaO
)Oe[o 5-1 1 5 3KysiFaO
6Freen -5 5-1 -15 3KysiFaO
*ravXre oIIset 5- 1- 1-1 3KysiFaO
Reverse oIIset 1-1 5-1 1 3KysiFaO
1anoimprintinJ - 1 1 3KysiFaO
 3ie]oeleFtUiF inNMet SUinting
Most inNMet printers XseG in tKe aGGitive IaEriFation oI eOeFtroniF GeviFes are oI tKe Grop-on-GemanG
DoD type TKe operation oI a DoD inNMet printer is EaseG on tKe eMeFtion oI sinJOe GropOets Irom a
print KeaG FontaininJ tens or KXnGreGs oI no]]Oes %y aFFXrateOy FontroOOinJ tKe timinJ anG position
oI tKe eMeFtion Irom eaFK inGiviGXaO no]]Oe FompOiFateG patterns Fan Ee IormeG on tKe sXEstrate
TKis aOOoZs tKe Xse oI GiJitaO print IiOes anG rapiG FKanJes in tKe printeG pattern resXOtinJ in a KiJKOy
FXstomi]aEOe IaEriFation proFess >15@
TKe preGominant GropOet eMeFtion meFKanism oI tKe DoD printers XseG in printeG eOeFtroniFs IaEri-
Fation is EaseG on pie]oeOeFtriF aFtXation TKe Xpper part in )iJXre 1 sKoZs tKe simpOiIieG strXFtXre
oI a sinJOe pie]oeOeFtriFaOOy aFtXateG no]]Oe ZKiOe tKe OoZer part sKoZs tKe time series OeaGinJ to
GropOet Iormation TKe inN is IeG into tKe inN FKamEer Irom tKe inN sXppOy FKanneO via a FonneFtinJ
FKanneO TKe pie]oeOeFtriF eOement FommonOy maGe oI OeaG ]irFonate titanate 3=T is sitXateG
ne[t to tKe inN FKamEer EeKinG a IOe[iEOe ZaOO anG tKe inN FKamEer is FonneFteG to tKe environment
via a no]]Oe sitXateG opposite tKe FonneFtinJ FKanneO DXrinJ GropOet Iormation a voOtaJe siJnaO is
IeG to tKe pie]oeOeFtriF eOement FaXsinJ it to EenG :Ken tKe EenGinJ motion is toZarGs tKe inN
FKamEer tKe FKamEer voOXme FontraFts anG a positive pressXre Zave moves toZarGs tKe no]]Oe II
tKe enerJy imparteG Ey tKe pressXre Zave on tKe inN menisFXs on tKe no]]Oe is OarJe enoXJK tKe
menisFXs starts to eOonJate XntiO tKe eOonJateG inN OiJament is tKin enoXJK Ior tKe sXrIaFe tension oI
tKe inN pinFK oII TKe OeItover OiJament FontraFts toZarGs tKe main GropOet GXrinJ tKe GropOet IOiJKt
Irom tKe no]]Oe to tKe sXEstrate DepenGinJ on tKe veOoFity oI tKe eMeFteG GropOet anG tKe inN param-
eters eJ sXrIaFe tension anG visFosity tKe OiJament may not Ee aEOe to FontraFt IXOOy EeIore a
seFonGary pinFK oII oFFXrs anG Jenerates a seFonGary or sateOOite GropOet ZKiFK is smaOOer tKan tKe
main GropOet TKis oIten Iorms a print GeIeFt EeFaXse tKe position oI tKe sateOOite GropOet ZiOO Ee
someZKat oIIset Irom tKe intenGeG position oI tKe main GropOet on tKe sXEstrate tKXs FaXsinJ an
inFrease in tKe eGJe roXJKness oI tKe printeG Oine >15@
)iJXre 1 2peration prinFipOe oI a pie]oeOeFtriF inNMet printer AGapteG Irom >15@
TKe GropOet si]e oI tKe DoD printers XtiOi]inJ tKe pie]oeOeFtriF aFtXation meFKanism is mainOy GeIineG
Ey tKe Giameter oI tKe no]]Oe ZKiOe tKe voOtaJe siJnaO pXOse Zave Iorm anG ampOitXGe may Kave a
smaOO eIIeFt as ZeOO TKe spreaGinJ oI tKe GropOet on tKe sXEstrate is aIIeFteG Ey tKe sXEstrate sXrIaFe
enerJy inN sXrIaFe tension anG GropOet voOXme GisFXsseG more tKoroXJKOy in &Kapter  )or
e[ampOe tKe print KeaGs FompatiEOe ZitK tKe DM3- XtiOi]eG in tKis tKesis see )iJXre  are
oIIereG in 1 pL or 1 pL si]es ZKiFK resXOt in a minimXm oI  a -5 m Oine ZiGtK on tKe sXEstrate
onFe tKe sXEstrate sXrIaFe enerJy Kas Eeen optimi]eG >15@
TKe GropOet positioninJ aFFXraFy oI tKe DoD inNMet printer is system speFiIiF anG errors may Ee
FaXseG Ey an error in tKe movement oI tKe print KeaG anG tKe print staJe anG errors in tKe GropOet
eMeFtion GireFtion ZKiFK is aOso proportionaO to tKe print KeiJKt >1@ )or most FommerFiaO inNMet inNs
tKe inN IormXOation is optimi]eG so tKat tKe GropOet-to-GropOet variation in tKe eMeFtion GireFtion is
minimaO )or tKe DM3- tKe GropOet positioninJ aFFXraFy is - 5 m inFOXGinJ EotK tKe print KeaG
movement anG staJe movement errors )rom tKe KiJK preFision printinJ point oI vieZ tKis means
tKat tKe smaOOest IeatXre si]es ZKiFK Fan Ee printeG XsinJ tKe DM3- are in tKe orGer 1 m anG
are tKereIore siJniIiFantOy smaOOer tKan its minimXm Oine ZiGtK oI -5 m TKis type oI Iine IeatXre
printinJ Fan Ee XtiOi]eG in appOiFations sXFK as KiJK-Gensity FirFXitry ZKere tKe 1 m spaFinJ Ee-
tZeen aGMaFent FonGXFtors inFreases tKe FonGXFtor paFNinJ Gensity ie a ma[imXm paFNinJ Gen-
sity oI 1 m :6 ZKen FompareG to sFreen printeG strXFtXres Ior e[ampOe ZKere tKe resoOXtion
inGiFates EotK tKe Oine ZiGtK anG spaFinJ ie a ma[imXm paFNinJ Gensity oI  m :6 An-
otKer important appOiFation oI tKe Iine IeatXre patterninJ FapaEiOity Fan Ee IoXnG in IieOG eIIeFt tran-
sistors ZKere tKe sZitFKinJ speeG GepenGs on tKe materiaO parameters eJ semiFonGXFtor moEiOity
Jate GieOeFtriF FapaFitanFe anG tKeir FKanneO OenJtK ie tKe Jap EetZeen tKe soXrFe anG Grain
eOeFtroGes >1@ 6inFe tKe materiaO parameters are in most Fases Ii[eG minimi]inJ tKe FKanneO
OenJtK oIIers a natXraO Zay to inFrease transistor perIormanFe TKe Iine patterninJ FapaEiOity oI tKe
DM3- is XtiOi]eG in 3uEliFation 9 to IaEriFate soXrFe anG Grain eOeFtroGes Ior orJaniF semiFon-
GXFtor transistors ZitK FKanneO OenJtKs oI appro[imateOy 1 m
)iJXre  TKe DM3- pie]oeOeFtriF inNMet printer XseG in tKis tKesis  >@
TKe tKroXJKpXt oI a pie]oeOeFtriF inNMet printer is GetermineG Ey tKe nXmEer oI aFtive no]]Oes to-
JetKer ZitK tKe resoOXtion oI tKe print IiOe anG tKe GropOet eMeFtion IreTXenFy TKe resoOXtion oI tKe
print IiOe anG tKe ma[imXm GropOet eMeFtion IreTXenFy Getermine tKe ma[imXm movement speeG oI
tKe print KeaG so tKat ZKen tKe print IiOe resoOXtion is inFreaseG tKe printinJ speeG is GeFreaseG
TKis Fan Ee FomEateG Ey inFreasinJ tKe nXmEer oI aFtive no]]Oes Ior e[ampOe inGXstriaO sFaOe
printers Fan Ee IitteG ZitK print KeaGs ZitK mXOtipOe tKoXsanGs oI no]]Oes eJ tKe  no]]Oe
6amEa *L printKeaG >1@ ZKiFK enaEOe FomparaEOe tKroXJKpXt to oIIset type roOO-to-roOO anG sFreen
printinJ metKoGs >@ )XrtKermore EeFaXse pie]oeOeFtriF inNMet printers Xse GiJitaO print IiOes tKe
e[FKanJe-oI-Gie times are very sKort TKis OeaGs to siJniIiFantOy Iaster prototypinJ anG smaOO-EatFK
IaEriFation ZKen FompareG to roOO-to-roOOsFreen printinJ teFKnoOoJies XtiOi]inJ pKysiFaO print masNs
:Ken FompareG to tKe KiJKer resoOXtion (-Met teFKnoOoJy GisFXsseG more tKoroXJKOy in tKe ne[t
FKapter tKe tKroXJKpXt oI tKe pie]oeOeFtriF inNMet printer Fompares IavoXraEOy GXe to tKe OoZer ma[-
imXm GropOet eMeFtion IreTXenFy anG smaOOer GropOet si]e oI tKe (-Met printers TKis EeFomes espe-
FiaOOy apparent ZKen tKe print IiOe inFOXGes EotK OarJe and Iine IeatXres sXFK as tKe one sTXare
miOOimeter paraOOeO pOate FapaFitor eOeFtroGes anG sKort FKanneO transistors GemonstrateG in 3uEli
Fation 9
 (leFtUoK\GUoG\naPiF inNMet (Met SUinting
UnOiNe most printeG eOeFtroniFs IaEriFation tooOs tKe eOeFtroKyGroGynamiF inNMet (-Met printer Zas
GeriveG Irom eOeFtrospray GeviFes XseG Ior atomi]ation oI OiTXiGs insteaG oI eTXipment XseG in
JrapKiF printinJ TKe main EeneIit oI tKis teFKnoOoJy is tKe Jeneration oI very smaOO voOXme GropOets
ZKiFK are aEOe to inFrease tKe resoOXtion  to 5-IoOG FompareG to pie]oeOeFtriF inNMet printers ZKiOe
stiOO XsinJ GiJitaO print IiOes to aFKieve a KiJKOy FXstomi]aEOe proFess 3revioXsOy (-Met teFKnoOoJy
Kas Eeen XseG Ior e[ampOe in tKe IaEriFation oI KiJK-resoOXtion 6D FontaFts Ior transistors >1@ D
miFrostrXFtXres ZitK pKase FKanJe inNs >@ anG transparent AJ-nanoZire eOeFtroGes >1@ >@
TKe operatinJ prinFipOe oI tKe (-Met printer is sKoZn in tKe Xpper part oI )iJXre  anG tKe GropOet
eMeFtion meFKanism in tKe OoZer part DXrinJ operation tKe inN  insiGe tKe inN FKamEer 1 is
FKarJeG XsinJ a FKarJinJ eOeFtroGe  ZKiFK is FontroOOeG Ey FompXter 5 via a Zave Iorm Jener-
ator  anG KiJK voOtaJe ampOiIier  TKe GropOet eMeFtion meFKanism is EaseG on tKe IorFe EaOanFe
EetZeen tKe KyGrostatiF IorFe ZKiFK sXppOies inN to tKe menisFXs tKe sXrIaFe tension ZKiFK Neeps
tKe menisFXs attaFKeG to tKe no]]Oe anG an eOeFtrostatiF IorFe ZKiFK pXOOs tKe menisFXs GoZnZarGs
>@ :Ken tKe eOeFtriF IieOG EetZeen tKe menisFXs anG tKe print staJe  e[FeeGs a tKresKoOG vaOXe
tKis IorFe EaOanFe is GisrXpteG anG GropOet eMeFtion oFFXrs TKe main EeneIit oI tKis type oI GropOet
eMeFtion meFKanism is tKat it is aEOe to Jenerate GropOets ZitK a smaOOer Giameter tKan tKe no]]Oe anG
tKat tKe GropOet voOXme Fan Ee varieG to a KiJKer e[tent FompareG to tKe pressXre-Zave-EaseG eMeF-
tion meFKanism oI pie]oeOeFtriF inNMet printers +oZever tKere are mXOtipOe parameters aIIeFtinJ tKe
voOXme oI tKe eMeFteG GropOets anG XnGerstanGinJ tKese is important Ior repeataEOe anG reproGXFiEOe
KiJK-resoOXtion patterninJ ZitK (-Met printer
)iJXre  TKe operatinJ prinFipOe oI an (-Met printer Xpper part >@ anG tKe time series OeaGinJ to
GropOet eMeFtion OoZer part
1
)iJXre  TKe (-Met printer XseG in tKis tKesis OeIt anG tKe voOtaJe ZaveIorm Ior GropOet eMeFtion XseG in
3uEliFations , ,, ,,, ,9 riJKt >@
In 3uEliFation , a statistiFaO anaOysis oI tKe print parameter eIIeFts on tKe GropOet voOXme Zas FarrieG
oXt Ior a FommerFiaO (-Met printer tKe 6Xper InNMet )iJXre  a In tKis stXGy a GesiJn oI e[periments
Do( metKoGoOoJy Zas XseG ZitK an anaOysis oI varianFe A129A to reOate IoXr print parameters
no]]Oe-to-sXEstrate KeiJKt Eias voOtaJe ampOitXGe anG IreTXenFy to tKe GepositeG GropOet ZiGtK
In tKis stXGy a FommerFiaO FonGXFtive inNMet inN FonsistinJ oI AJ-nanopartiFOes GisperseG in trietKy-
Oene JOyFoO monoetKyO etKer soOvent at a ZeiJKt perFent oI -5  D*3 T(-& Ey AGvanFeG
1ano 3roGXFts Zas XseG toJetKer ZitK a siOiFon ZaIer sXEstrate FoateG ZitK FonGXFtive titaniXm-
tXnJsten Ti: An eOeFtriFaO FonneFtion EetZeen tKe Ti: sXrIaFe anG JroXnGeG print staJe Zas
maGe in orGer to IXrtKer ensXre tKat tKere Zas no FKarJe aFFXmXOation on tKe sXEstrate GXrinJ print-
inJ (nvironmentaO parameters sXFK as tKe KXmiGity anG temperatXre Zere FontroOOeG GXrinJ tKe
e[periments
A Do( XtiOisinJ response sXrIaFe GesiJn Zas FKosen to inFOXGe possiEOe TXaGratiF eIIeFts in tKe
moGeO A response sXrIaFe reJression moGeO EaseG on tKe A129A resXOts Zas appOieG Ior GropOet
Giameters EetZeen 5 to 1 m ZitK an R-sTXareG vaOXe oI   anG a resiGXaO oI 11 m ZKiFK
GemonstrateG tKe repeataEOe KiJK-resoOXtion patterninJ FapaEiOity oI tKe (-Met printer
TKe test resXOts inGiFateG tKat tKe ampOitXGe oI tKe eOeFtriF IieOG Kas tKe stronJest eIIeFt IoOOoZeG Ey
tKe no]]Oe-to-sXEstrate print KeiJKt Eias voOtaJe anG IreTXenFy It mXst Ee noteG KoZever tKat in
tKe Fase oI GieOeFtriF sXEstrates tKe eIIeFt oI no]]Oe-to-sXEstrate print KeiJKt EeFomes more FompOe[
EeFaXse tKe eOeFtriF IieOG JeneratinJ tKe GropOets ZiOO Ee EetZeen tKe print staJe anG tKe no]]Oe anG
tKe GieOeFtriF sXEstrate permittivity anG tKiFNness ZiOO tKereIore aIIeFt tKe voOXme oI tKe eMeFteG
GropOet It Zas aOso IoXnG tKat tKe no]]Oe-to-sXEstrate KeiJKt anG IreTXenFy Kave inverse reOations
ZitK tKe print resoOXtion ZKereas tKe Eias voOtaJe anG ampOitXGe Kave a positive reOation TKXs
inFreasinJ tKe no]]Oe-to-sXEstrate KeiJKt OeaGs to a OoZer eOeFtriF IieOG strenJtK anG KiJKer print res-
oOXtion AGGitionaOOy tKe same eIIeFt Fan Ee aFKieveG Ey OoZerinJ tKe Eias voOtaJe or ampOitXGe
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+oZever it Zas aOso IoXnG tKat tKe KiJKer no]]Oe-to-sXEstrate GistanFe inFreases tKe eGJe roXJK-
ness oI tKe GepositeG GropOets TKis inGiFates tKat varyinJ tKe voOtaJe Eias or ampOitXGe is tKe pre-
IerreG Zay to aFKieve KiJK-resoOXtion printinJ AnotKer possiEOe Zay to aFKieve KiJK-resoOXtion print-
inJ is to inFrease tKe IreTXenFy EeFaXse tKis reGXFes tKe voOtaJe pXOse ZiGtK ZKiFK Kas an inverse
proportion to tKe eMeFteG GropOet voOXme >5@ A JrapKiFaO interpretation oI tKese resXOts is sKoZn in
)iJXre 5
)iJXre 5 TKe eIIeFt oI print parameters on tKe GepositeG GropOet Giameter Irom 3uEliFation ,  1
I23 6FienFe
1
)XrtKermore tKe reproGXFiEiOity oI tKe print proFess Zas evaOXateG Ey printinJ FonIirmation rXns ZitK
tKree aGGitionaO no]]Oes at tZo GiIIerent print KeiJKts 5 m anG  m A OoZer no]]Oe-to-sXEstrate
GistanFe yieOGeG more reproGXFiEOe resXOts in ZKiFK aOO tKe GropOets Ior tZo no]]Oes Zere ZitKin tKe
moGeO¶s 5 FonIiGenFe intervaOs
TKXs ZKen XtiOi]inJ an (-Met insteaG oI a pie]oeOeFtriF inNMet printer tKe print resoOXtion FoXOG Ee
inFreaseG 1-IoOG ZitK KiJK repeataEiOity anG reproGXFiEiOity :itK tKis type oI printer it ZoXOG Ee pos-
siEOe to IXrtKer inFrease tKe paFNinJ Gensity oI KiJK-Gensity FirFXitry to at Oeast 55 m :6 ZKiFK
ZoXOG Ee an eiJKt-IoOG inFrease FompareG to tKe 1 m :6 oI tKe pie]oeOeFtriF inNMet printer
GisFXsseG in tKe Oast seFtion TKe KiJK-Gensity FirFXit printinJ enaEOeG Ey tKe (-Met teFKnoOoJy is
IXrtKer investiJateG in 3uEliFations ,, ,,, anG ,9 in &Kapters 1anG 
TKe main FKaOOenJe oI (-Met printinJ is tKe OoZ tKroXJKpXt )or e[ampOe tKe 6Xper InNMet printer XseG
in tKe aIoremetioneG stXGies Kas a ma[imXm GropOet eMeFtion IreTXenFy oI 1 N+] TKe ma[imXm
printinJ speeG Ior a Oine FonsistinJ oI 5 m Giameter GropOets ZitK a 5 overOap is tKereIore 5
mms +oZever tKe GropOet positioninJ aFFXraFy is appro[imateOy 5-IoOG Eetter anG tKe visFosity
ranJe oI sXitaEOe inNs is 1-IoOG OarJer FompareG to pie]oeOeFtriF inNMet printers
 AeUosol Met SUinting
6imiOar to (-Met printinJ tKe aerosoO Met A- printinJ is a noveO KiJK-resoOXtion IaEriFation metKoG ZitK
Iirst FommerFiaO printers GeveOopeG as Oate as in tKe EeJinninJ oI tKis FentXry >@>@ ReJarGinJ
interFonneFt IaEriFation tKe A- printinJ Kas Eeen previoXsOy XtiOi]eG in IaEriFation oI 1 m ZiGe
FXrrent FoOOeFtors Ior pKotovoOtaiF appOiFations >@ 1 m ZiGe transmission Oines Ior D paFNaJinJ
appOiFation >@ ZKiOe tKe proFess parameters aIIeFtinJ tKe KiJK-resoOXtion printinJ oI  m ZiGe
siOver traFNs Kave Eeen stXGieG Ey MaKaMan et aO in >@
TKe IXnFtioninJ prinFipOe oI tKe aerosoO Met is EaseG on aerosoOi]ation oI soXrFe materiaO ie eOeFtri-
FaOOy IXnFtionaO inN insiGe aerosoOi]ation FKamEer anG transIer oI tKe aerosoO Irom FKamEer to Gep-
osition KeaG anG IXrtKer to sXEstrate XsinJ an inert Farrier anG sKeatK Jas TKe prinFipOe oI aerosoO-
i]ation is EaseG eitKer on XOtrasoniF or pneXmatiF aFtXation GepenGinJ on tKe visFosity oI tKe inN 
5 m3aās Ior tKe Iormer anG 1 to 1 m3aās Ior tKe Oatter TKe pneXmatiFaOOy aFtXateG aerosoOi]a-
tion is EaseG on &oOOison-metKoG see )iJXre  OeIt part ZKereEy a KiJK veOoFity inert Farrier Jas
eJ 1 Ar +e is Griven tKroXJK a Kori]ontaO FKanneO ZKiFK is FonneFteG to inN sXppOy Ey vertiFaO
FKanneO TKe KiJK veOoFity Farrier Jas Iorms a OoZ pressXre reJion insiGe tKe vertiFaO FKanneO ZKiFK
pXOOs tKe inN XpZarGs XntiO it is OeveO ZitK tKe ZaOOs oI tKe Kori]ontaO FKanneO 2nFe tKis Kappens tKe
KiJK veOoFity Jas imparts KiJK sKear IorFes on tKe inN menisFXs anG FaXses GropOets to Iorm TKe
aerosoO is tKen Griven toZarGs tKe oXtOet oI tKe Kori]ontaO FKanneO ZKere a EiIXrFation point OeaGs to
tKe Geposition KeaG or tKe soXrFe materiaO reservoir At tKis point tKe KiJK inertia OarJe voOXme
 1
GropOets are Griven EaFN to soXrFe materiaO reservoir ZKiOe tKe OoZ inertia smaOO voOXme GropOets are
Griven ZitK tKe Farrier Jas toZarGs tKe Geposition KeaG tKereEy reGXFinJ tKe si]e anG poOyGispersity
oI tKe GropOets +oZever tKe aerosoO stiOO Fontains GropOets ZKiFK Kave too OoZ voOXme anG ZKiFK
may OeaG to print GeIeFts simiOar to tKe sateOOite GropOets in pie]oeOeFtriF inNMet printer anG tKese
neeG to Ee removeG Irom tKe aerosoO stream in a virtXaO impaFtor tKis aOso removes part oI tKe
e[Fess Farrier Jas to inFrease tKe aerosoO FonFentration >@
TKe Geposition KeaG Fonsists oI a virtXaO no]]Oe ZKere tKe aerosoO stream is enveOopeG in an inert
sKeatK Jas anG FonstriFteG see )iJXre  riJKt part anG a pKysiFaO no]]Oe ZKiFK IXrtKer FonstriFts
tKe aerosoO stream EeIore Geposition TKe resXOtinJ aerosoO stream is KiJKOy FoOOimateG ZKiFK ena-
EOes tKe Xse oI reOativeOy OarJe print KeiJKts 1 to 5 mm ZitKoXt aGverse eIIeFts on tKe print resoOXtion
a FOear aGvantaJe over tKe (-Met printinJ print KeiJKts in tKe orGer oI tens to IeZ KXnGreGs oI m iI
tKe sXEstrate Kas siJniIiFant topoJrapKy )XrtKermore tKe proEaEiOity oI no]]Oe FOoJJinJ is reGXFeG
EeFaXse tKe sKeatK Jas aFts as proteFtive Oayer EetZeen tKe no]]Oe ZaOOs anG aerosoO stream TKe
GeJree oI stream FonstriFtion Fan Ee varieG Ey varyinJ tKe ratio oI sKeatK to Farrier Jas IOoZ rate ie
tKe IoFXssinJ ratio >@ tKereEy enaEOinJ tKe GiJitaO FontroO oI tKe print resoOXtion over OarJe ranJe
ie a1 m to IeZ mm >1@ TKe Xse oI sKeatK Jas aOso enaEOes tKe Xse oI inNs FontaininJ reOativeOy
OarJe nanopartiFOes Xp to 5 nm Giameter >@ ZKen FompareG to inNs GeveOopeG Ior pie]oeOeFtriF
inNMet printinJ typiFaO Giameter in 1s oI nm ranJe >5@ >@
)iJXre  AerosoO Met printer pneXmatiF aerosoOi]ation FKamEer OeIt anG Geposition KeaG riJKt  1
6prinJer
1
 &oPSaUison of Sie]oeleFtUiF inNMet (Met anG aeUosol Met SUinteU
TKe main FKaraFteristiFs oI tKe pie]oeOeFtriF inNMet (-Met anG aerosoO Met printer XseG in tKis tKesis
are sXmmari]eG in tKe TaEOe  3ositioninJ aFFXraFy inGiFates tKe aFFXraFy oI tKe GropOet pOaFement
in a proFess rXn ZKiOe tKe aOiJnment aFFXraFy is reOateG to tKe GropOet pOaFement EetZeen proFess
rXns TKe main EeneIits oI tKe 6I--65 over tKe DM3- anG 2ptomeF  are tKe smaOOer Grop-
Oet voOXme anG resoOXtion KiJKer inN visFosity ranJe anG KiJKer positioninJ anG aOiJnment aFFXraFy
TKe main EeneIit oI tKe DM3- is its KiJKer tKroXJKpXt GXe to mXOtipOe no]]Oes anG KiJKer printinJ
speeG TKe Oatter is not OisteG in TaEOe  EeFaXse it GepenGs on EotK tKe GropOet eMeFtion IreTXenFy
anG print IiOe resoOXtion
TaEOe  &KaraFteristiFs oI tKe pie]oeOeFtriF inNMet DM3-(-Met 6I--65 anG aerosoO Met printer















InN visFosity ranJe - 5-1 -1
DropOet voOXme 1 pL or 1 pL 1 IL to 1 pL a5 to a IL
1XmEer oI no]]Oes 1 1 1
3rint area mmð 115 55 
3ositioninJ aFFXraFy  5  1  5
AOiJnment aFFXraFy  5    
 +igKSUeFision SatteUn foUPation
TKe resoOXtion oI a printinJ metKoG is GeIineG as tKe smaOOest GistanFe EetZeen tZo GistinFt printeG
patterns anG it is JeneraOOy e[presseG as tKe minimXm Oine ZiGtKspaFinJ eJ 55 m :6 >@ TKe
term ³KiJK-preFision´ is XseG Kere insteaG oI ³KiJK-resoOXtion´ to inFOXGe tKe Fase ZKere tKe minimXm
spaFinJ EetZeen tKe Oines is siJniIiFantOy smaOOer tKan tKe Oine ZiGtK It is tKen apparent tKat KiJK-
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preFision pattern Iormation is EaseG on aFKievinJ narroZ Oines anGor smaOO spaFinJ EetZeen tKe
Oines In DoD teFKnoOoJies Oines Fonsist oI overOappinJ sinJOe GropOets anG tKe Oine ZiGtK is tKereIore
aIIeFteG Ey tKe spreaGinJ oI tKe sinJOe GropOet on tKe sXEstrate
 'UoSlet sSUeaGing on tKe suEstUate
TKe spreaGinJ oI a sinJOe GropOet on tKe sXEstrate is mainOy GetermineG Ey tKe interaFtion EetZeen
tKe inN anG tKe sXEstrate In tKe Fase oI a smootK anG FKemiFaOOy KomoJenoXs sXEstrate anG an
iGeaO OiTXiG tKe spreaGinJ oI tKe OiTXiG ie ZettinJ is GeIineG Ey tKe eTXiOiEriXm FontaFt anJOe oI
tKe GropOet at tKe OiTXiG-vapor anG soOiG-OiTXiG interIaFe ZKiFK Fan Ee FaOFXOateG XsinJ tKe <oXnJ
eTXation aOso see tKe Xpper part oI )iJXre 
 ൌ
ZKere  is tKe FontaFt anJOe  is tKe sXrIaFe enerJy oI tKe soOiG-vapor interIaFe  is tKe sXrIaFe
enerJy oI tKe soOiG-OiTXiG interIaFe anG  is tKe sXrIaFe enerJy oI tKe OiTXiG-vapor interIaFe >@
TKXs tKe spreaGinJ oI tKe GropOet Fan Ee aGMXsteG Ey varyinJ tKe reOationsKips EetZeen tKe GiIIerent
sXrIaFe enerJies In praFtiFe tKe sXrIaFe enerJy oI tKe OiTXiG-vapor interIaFe ie tKe sXrIaFe tension
oI tKe inN is set Ey tKe print KeaG reTXirements >15@ anG sXEstrate treatments eJ U9-o]one >@
pOasma >5@ FKemiFaO FoatinJ >@ Kave to Ee XseG to moGiIy tKe GeJree oI ZettinJ TKe GiIIerent
ZettinJ FonGitions are sKoZn in tKe OoZer part oI )iJXre  TKe spreaGinJ oI tKe GropOet sKoXOG Ee
minimi]eG to aFKieve KiJK-resoOXtion printinJ +oZever printinJ XniIorm strXFtXres on non-ZettinJ
sXEstrates  ͻͲι is FKaOOenJinJ anG tKe optimaO ZettinJ FonGitions Fan Ee IoXnG at EeOoZ ͻͲι
FontaFt anJOe
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)iJXre  (TXiOiEriXm ZettinJ oI a GropOet on a sXrIaFe Xpper part anG tKe GiIIerent ZettinJ FonGitions
Irom non-ZettinJ on tKe OeIt to FompOete ZettinJ on tKe riJKt OoZer part TKe  is tKe FontaFt anJOe
is tKe sXrIaFe enerJy oI tKe soOiG-vapor interIaFe  is tKe sXrIaFe enerJy oI tKe soOiG-OiTXiG interIaFe
anG  is tKe sXrIaFe enerJy oI tKe OiTXiG-vapor interIaFe
+oZever reaO sXEstrates anG inNs are non-iGeaO anG tKereIore enaEOe FontaFt Oine at a non-eTXiOiE-
riXm FontaFt anJOe >@ TKis may Ee a resXOt oI a non-KomoJenoXs FKemiFaO Fomposition or a OoFaO
variation oI tKe roXJKness in tKe sXEstrate It is aOso possiEOe tKat tKe Iast evaporation oI tKe soOvent
aIter tKe impaFt oI tKe GropOet anG sXEseTXent Geposition oI soOiG partiFOes on tKe FontaFt Oine FaXses
tKis type oI EeKavior >@ In part GXe to tKese reasons it is KiJKOy FKaOOenJinJ to taNe GireFt FontaFt
anJOe measXrements Ior IXnFtionaO inNs on reaO sXEstrates anG Ior tKese reasons tKe eIIeFt oI sXr-
IaFe treatment is oIten measXreG Ey oEservinJ tKe si]e oI tKe GepositeG GropOets ZitK tKe IiGXFiaO
Famera oI tKe printer
 /ine ZiGtK eGge anG suUfaFe UougKness
TKe Oine ZiGtK eGJe roXJKness anG sXrIaFe roXJKness are mainOy GetermineG Ey tKe spreaGinJ oI
GepositeG GropOets in reOation to tKe GistanFe EetZeen Fenter points oI sXEseTXent GropOets ie Grop
spaFinJ anG tKe time GeOay EetZeen tKeir Geposition see )iJXre  II tKe Grop spaFinJ is OarJer
tKan tKe Giameter oI tKe GepositeG GropOet isoOateG GropOets ZiOO Iorm a ZKen tKe Grop spaFinJ is
reGXFeG GropOets start to merJe anG sFaOOopinJ starts to oFFXr E ZitK a IXrtKer reGXFtion in Grop
spaFinJ a XniIorm Oine Iorms F IoOOoZeG Ey EXOJinJ Oine G II tKe time GeOay EetZeen tKe Geposition
oI sXEseTXent GropOets is OonJer tKan tKe GryinJ time oI a GropOet a staFNeG Foins strXFtXre Iorms
e In JeneraO tKe eGJe roXJKness oI a Oine is at ma[imXm in tKe Fase oI sFaOOopinJ or EXOJinJ Oines
anG Oines ZitK a staFNeG Foin strXFtXre )XrtKermore tKe sXEstrate temperatXre aIIeFts tKe startinJ
point oI GiIIerent Oine morpKoOoJies >@
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)iJXre  DepenGenFe oI DoD inNMet printeG Oine morpKoOoJies on Grop-spaFinJ anG time GeOay OeIt part
anG e[ampOes oI GiIIerent Oine morpKoOoJies riJKt part 6ee te[t Ior e[pOanations >@  AmeriFan
&KemiFaO 6oFiety
TKe GisFXssion aEove appOies to EotK pie]oeOeFtriF inNMet anG (-Met printers +oZever in (-Met printers
tKe Oine morpKoOoJy is aOso aIIeFteG Ey tKe smaOO voOXme anG FKarJinJ oI tKe GropOets TKe FKarJinJ
oI tKe GropOet may reGXFe tKe resoOXtion EeFaXse tKe FKarJe separation insiGe tKe GropOet Fan FaXse
tKe GropOet to EreaN in-IOiJKt anG OeaG to tKe Iormation oI smaOO sateOOite GropOets ZKiFK inFrease tKe
eGJe roXJKness oI tKe printeG Oine see )iJXre  OeIt part >@As tKe voOXme oI tKe GropOet is re-
GXFeG Irom piFoOitre to IemtoOitre si]e tKe evaporation rate EeFomes more siJniIiFant GXe to tKe KiJK
sXrIaFe area to voOXme ratio )irstOy tKis reGXFes tKe time GeOay ZKere a staFNeG Foin strXFtXre Fan
Ee avoiGeG 6eFonGOy sinFe IXnFtionaO inNs Fonsist oI a soOiG materiaO eJ nanopartiFOes GisperseG
in a soOvent tKe inFreaseG soOvent evaporation reOative to tKe GropOet voOXme FaXses tKe eIIeFtive
soOiG Fontent to inFrease tKereEy OeaGinJ to inFreaseG visFosity oI tKe GropOet >@ TKis reGXFes tKe
spreaGinJ veOoFity anG tKe resXOtinJ GropOet Giameter >@
As sKoZn in reIerenFe >1@ anotKer speFiIiF FKaOOenJe in (-Met printinJ is tKat tKe tKiFNness oI tKe
soOiG materiaO GepositeG Ey tKe GropOet is very smaOO EeFaXse it is proportionaO to tKe Giameter oI tKe
GropOet )or e[ampOe in tKe Fase oI 5 m ZiGe Oines printeG ZitK AJ-nanopartiFOe inN 136-- +arima
&KemiFaOs -apan tKe Iirst Oayer is onOy 5 nm tKiFN see )iJXre  riJKt part ZKiFK is too tKin to
proviGe a sXIIiFient nXmEer oI FonGXFtive patKs tKroXJK tKe nanopartiFOe matri[ to Iorm a FonGXFtor
MXOtiOayer printinJ tKereIore Kas to Ee XseG to inFrease tKe FonGXFtor¶s Fross-seFtionaO area )or 
anG 5 m ZiGe FonGXFtors 5 to 1 Oayers are reTXireG to Iorm a FonGXFtive Oine anG 5 to  Oayers
are reTXireG to minimi]e tKe FonGXFtor resistanFe +oZever tKe mXOtiOayer printinJ OeaGs to tKe aF-
FXmXOation oI nanopartiFOes on tKe FentreOine oI tKe FonGXFtor tKereEy inFreasinJ tKe sXrIaFe roXJK-
ness oI tKe FonGXFtor see )iJXre  riJKt part
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)iJXre  DropOet FKarJinJ anG EreaN-Xp in-IOiJKt OeIt part  1 AmeriFan InstitXte oI 3KysiFs anG
morpKoOoJies oI (-Met printeG mXOtiOayer Oines riJKt part Irom >1@  15 I(((
TKe KiJK-preFision printinJ FapaEiOity GepenGs mainOy on tKe aOiJnment aFFXraFy oI tKe printer anG
tKe eGJe-roXJKness oI tKe printeG FonGXFtor TKe eIIeFt oI tKe sXEstrate non-iGeaOities eJ OoFaO
sXrIaFe enerJy GiIIerenFes on tKe eGJe-roXJKness Fan Ee sXppresseG Ey FKoosinJ FKemiFaOOy Ko-
moJenoXs sXEstrate Ior e[ampOe in 3uEliFation 9 ZKere pie]oeOeFtriF inNMet printeG 6D-eOeF-
troGes ZitK a1 m FKanneO OenJtK Zere reTXireG tKe sXEstrate Zas IaEriFateG Ey FKemiFaO vapoXr
Geposition oI 3aryOene & to reaFK sXitaEOe OeveO oI sXEstrate KomoJeneity In tKis Fase tKe OimitinJ
IaFtor is not tKe sXEstrate EXt tKe aOiJnment aFFXraFy oI tKe pie]oeOeFtriF inNMet printer  5 m )or
(-Met printinJ KoZever tKe OimitinJ IaFtor ZiOO Ee tKe eGJe-roXJKness oI tKe FonGXFtor resXOtinJ Irom
tKe aIorementioneG Iormation oI sateOOite GropOets GXe to FKarJinJ oI tKe eMeFteG GropOets As sKoZn
in tKe 3uEliFation , tKis eIIeFt Fan Ee reGXFeG to Fertain e[tent Ey aGMXstinJ tKe print KeiJKt +oZ-
ever tKe eOeFtriFaO FKaraFteristiFs oI tKe sXEstrate seem to aOso aIIeFt tKe Jeneration oI tKe sateOOite
GropOets tKereEy maNinJ tKe (-Met KiJK-preFision patterninJ FapaEiOity KiJKOy appOiFation speFiIiF
 )unFtional inNs foU Gigital faEUiFation
TKe materiaOs empOoyeG in eOeFtroniFs Fan Ee FateJori]eG aFForGinJ to tKeir eOeFtriFaO IXnFtionaOity
into FonGXFtive semi-FonGXFtive anG GieOeFtriF types In printeG eOeFtroniFs tKese IXnFtionaOities Fan
Ee aFKieveG ZitK varioXs inN types Ior e[ampOe FonGXFtive IeatXres Fan Ee printeG ZitK metaO na-
nopartiFOe >@ metaO-orJaniF GeFomposition M2D >@ JrapKene >5@ or GopeG poOymer inNs >@
ZKiOe semi-FonGXFtinJ IeatXres may Ee IaEriFateG Ior e[ampOe ZitK orJaniF smaOO-moOeFXOe poOymer
EOenGs >@  or inorJaniF metaO o[iGe inNs >@ %eFaXse oI tKe OarJe nXmEer oI materiaO options Ior
eaFK IXnFtionaOity tKis FKapter FonFentrates mainOy on tKe IXnFtioninJ prinFipOes anG proFessinJ
FonGitions oI materiaOs empOoyeG in tKe pXEOiFations oI tKis tKesis In aGGition to tKe aIorementioneG
tKree ³main´ IXnFtionaOities tKe sXE-FateJory oI pie]oeOeFtriF GieOeFtriF materiaOs is introGXFeG Ee-
FaXse it is reOateG to tKe IaEriFation oI a monoOitKiFaOOy printeG sensor-ampOiIier system
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 &onGuFtiYe inNs
6iOver anG JoOG nanopartiFOe inNs are tKe most Fommon FommerFiaOOy avaiOaEOe FonGXFtive metaO-
EaseG inNs TKe main EeneIits oI tKese inNs are tKeir reOativeOy OoZ sinterinJ temperatXre  15& Ior
AJ-inN >5@ ZKiFK aOOoZs tKe Xse oI FKeap OoZ JOass transition temperatXre poOymer sXEstrates
sXFK as poOyetKyOene terepKaOate 3(T KiJKer soOiG Fontent  to  Zt >5@ FompareG to M2D
inNs 1 to  Zt >51@ ZKiFK aOOoZs tKe Iormation oI tKiFNer KiJKer FonGXFtanFe traFes anG siJ-
niIiFantOy KiJKer FonGXFtivity FompareG to GopeG poOymer inNs 6iOver anG JoOG nanopartiFOe EaseG
inNs Zere empOoyeG in aOO pXEOiFations oI tKis tKesis >5@>5@
MetaO nanopartiFOe inNs are FompriseG oI nanopartiFOes a IeZ tens oI nanometres in Giameter Gis-
perseG in soOvent anG FappeG ZitK orJaniF staEiOi]ers TKe pXrpose oI tKe staEiOi]er is to prevent tKe
aJJOomeration oI tKe partiFOes prior to tKe sinterinJ step ZKiOe tKe soOvent rKeoOoJy eJ tKe visFosity
anG sXrIaFe tension is optimi]eG Ior tKe speFiIiF printinJ teFKnoOoJy to ensXre tKe printaEiOity oI tKe
inN DXrinJ tKe sinterinJ step tKe inN is KeateG so tKat tKe soOvent evaporates anG tKe nanopartiFOes
are EroXJKt into FontaFt ZitK eaFK otKer see )iJXre 1 OeIt part TKis is IoOOoZeG Ey tKe GeFompo-
sition oI tKe orJaniF staEiOi]er ZKiFK mXst Ee FompOeteOy removeG to inGXFe FoarseninJ ie 2stZaOG
ripeninJ >5@ oI tKe nanopartiFOe strXFtXre anG tKe FonFomitant Iormation oI FonGXFtive patKs
tKroXJK tKe nanopartiFOe matri[ 2stZaOG ripeninJ is Griven Ey sXrIaFe anG Jrain EoXnGary GiIIXsion
ZKiFK Iirst OeaGs to tKe Iormation oI a neFN EetZeen tKe partiFOes see )iJXre 1 riJKt part In JeneraO
tKe GiIIXsion GireFtion is Irom partiFOes ZitK a smaOOer raGiXs toZarGs partiFOes ZitK a OarJer raGiXs
>5@ TKe GiIIXsion stops onFe tKe partiFOe raGiXs reaFKes a FritiFaO vaOXe appro[imateOy 15 times
tKe oriJinaO partiFOe si]e anG at tKis point tKe FonGXFtivity reaFKes its ma[imXm vaOXe TKe resXOtinJ
strXFtXre remains poroXs anG tKis OeaGs to OoZer FonGXFtivity ZKen FompareG to EXON metaO Ior e[-
ampOe FommerFiaO siOver nanopartiFOe resistivities ranJe Irom  to 1  Fm >5@ ZKiOe tKe resistivity
oI EXON siOver is 1  Fm >55@ +oZever tKese vaOXes are siJniIiFantOy OoZer tKan Fan Ee aFKieveG
ZitK a GopeG poOymer sXFK as poOy-etKyOeneGio[ytKiopKenepoOystyrenesXOIonate 3(-
D2T366 ZKiFK Kas a resistivity in tKe m Fm ranJe >5@ TKe proFess time Ior tKe sinterinJ step
GepenGs on tKe inN type anG metKoG oI Keat transIer :KiOe a FonveFtion oven is tKe most FommonOy
XseG metKoG it sXIIers Irom a OonJ proFess time anG reOativeOy KiJK proFess temperatXre >@ >5@
)or tKis reason aOternative Iaster Keat transIer metKoGs sXFK as Oaser pOasma rapiG eOeFtriFaO sin-
terinJ anG pKotoniF sinterinJ Kave Eeen investiJateG >@ >5@ >5@ >5@

)iJXre 1 LeIt part nanopartiFOes GisperseG in soOvent ZitK a staEiOi]er Oayer  KeatinJ Ior soOvent
evaporation anG GeFomposition oI tKe staEiOi]er Oayer 1 anG FoarseninJ oI tKe nanopartiFOe strXFtXre
 >@ RiJKt part GiIIXsion meFKanisms aIIeFtinJ tKe FoarseninJ oI tKe nanopartiFOe strXFtXre >5@ 
RoyaO 6oFiety oI &Kemistry
 'ieleFtUiF inNs
InsXOatinJ strXFtXres EetZeen FonGXFtors Fan Ee IormeG Ey empOoyinJ GieOeFtriF inNs TKe GieOeFtriF
inN XtiOi]eG in tKis tKesis Zas an orJaniF U9-FXraEOe epo[y resin 3uEliFation ,, In JeneraO tKe U9-
FXraEOe orJaniF GieOeFtriF inNs Fonsist oI monomers anGor oOiJomers GisperseG in a soOvent ZKiFK
aOso Fontains pKotoinitiators AIter Geposition oI tKe materiaO tKe strXFtXre mXst Ee KeateG to evap-
orate tKe soOvent TKis is IoOOoZeG Ey e[posXre to U9-OiJKt oI sXIIiFient intensity anG enerJy Gose
TKe U9-OiJKt aFtivates tKe pKotoinitiators ZKiFK reaFt ZitK tKe monomers anGor oOiJomers tKereEy
inGXFinJ a poOymeri]ation reaFtion ZKiFK OeaGs to tKe Iormation oI a Fross-OinNeG poOymer strXFtXre
TKe FKemiFaO anG temperatXre staEiOity oI tKe insXOatinJ Oayer Fan Ee inFreaseG ZitK a IinaO KiJKer
temperatXre KeatinJ step >5@
 3ie]oeleFtUiF inNs
)erroeOeFtriF GieOeFtriFs are materiaOs ZKiFK Kave a permanent eOeFtriF poOari]ation ie a net sXrIaFe
FKarJe in tKe aEsenFe oI an e[ternaO eOeFtriF IieOG arisinJ Irom tKe internaO eOeFtriF GipoOes oI tKe
FrystaO strXFtXre A meFKaniFaO GeIormation oI tKe FrystaO strXFtXre ZiOO FaXse a FKanJe in tKe
strenJtK oI tKe GipoOes anG tKereIore a FKanJe in tKe net sXrIaFe FKarJe 6imiOarOy tKe internaO
GipoOes ZiOO Ee aIIeFteG Ey a FKanJe in tKe sXrIaFe FKarJe ie Ey a FKanJe in tKe e[ternaO eOeFtriF
IieOG ZKiFK ZiOO resXOt in a meFKaniFaO GeIormation oI tKe FrystaO strXFtXre TKe Iirst pKenomenon is
FaOOeG tKe direct pie]oeOeFtriF eIIeFt anG it is oIten XtiOi]eG in enerJy KarvestinJ appOiFations >1@ anG
sensor appOiFations Ior sensinJ pressXre >@ or EenGinJ >@ TKe seFonG pKenomenon is FaOOeG tKe
indirect pie]oeOeFtriF eIIeFt anG it is XtiOi]eG in varioXs aFtXators sXFK as tKe pie]oeOeFtriF eOement oI
tKe inNMet print KeaG GisFXsseG earOier >15@ +oZever tKe most Fommon pie]oeOeFtriF materiaOs are
poOyFrystaOOine anG Go not e[KiEit pie]oeOeFtriF EeKavior in tKeir pristine Iorm EeFaXse tKe IerroeOeF-
triF FrystaO Gomains are ranGomOy orienteG so tKat tKe net eOeFtriF GipoOe moment aFross tKe sampOe
is ]ero An e[ternaO eOeFtriF IieOG ie a poOinJ IieOG is tKen reTXireG to re-orient tKe IerroeOeFtriF
Gomains to inGXFe spontaneoXs poOari]ation >5@ >@
 1
Most pie]oeOeFtriF inNs are EaseG on FopoOymers oI poOyvinyOiGeneIOXoriGe 39D) sXFK as
poOyvinyOiGeneIOXoriGe-triIOXoroetKyOene 39D)-Tr)( XtiOi]eG in 3uEliFations 9 anG 9, TKe
39D)-Tr)( Fonsists oI FrystaOOites emEeGGeG in amorpKoXs reJions anG simiOarOy to inorJaniF poO-
yFrystaOOine IerroeOeFtriFs it reTXires a poOinJ IieOG to inGXFe tKe pie]oeOeFtriF eIIeFt >5@ In JeneraO
tKe reTXireG poOinJ IieOG is siJniIiFantOy KiJKer ZKen FompareG to inorJaniF IerroeOeFtriFs sXFK as
OeaG ]irNoniXm titanate 3=T 1 9m vs 1- 9m >5@ >@ Despite tKis tKe intrinsiF pie]oeOeFtriF
sensitivity is OoZer eJ      p&1 vs     -5 p&1 >@>@ +oZever tKe proFessinJ
temperatXre oI 39D)-Tr)( is aOso siJniIiFantOy OoZer tKan tKat oI tKe 3=T a15 & vs a55 &
>5@>@ anG it is soOXEOe in Fommon soOvents eJ -EXtanone GimetKyOIormamiGe ZKiFK maNes it
Eetter sXiteG Ior printeG eOeFtroniFs appOiFations &ompareG to 39D) tKe 39D)-Tr)( Kas tKe Een-
eIit oI not reTXirinJ any stretFKinJ GXrinJ tKe poOinJ step ZKiFK maNes it possiEOe to appOy it GireFtOy
on top oI tKe eOeFtroGe in soOXtion Iorm >5@

TKis FKapter introGXFes tKe GiIIerent appOiFations in tKe IieOG oI eOeFtroniFs paFNaJinJ transistor in-
terFonneFts anG ampOiIier printinJ ZKere tKe GiJitaO KiJK preFision printinJ teFKnoOoJies aGG neZ
IXnFtionaOities to e[istinJ proFesses or resXOt in FompOeteOy neZ IXnFtionaOities ZKiFK Fannot Ee
aFKieveG ZitK FonventionaO eOeFtroniFs IaEriFation proFesses
 (leFtUoniFs SaFNaging
6iOiFon interposers enaEOe tKe D-inteJration oI mXOtipOe IXnFtionaOities in a sinJOe eOeFtroniFs paFN-
aJe eJ 6ystem-in-3aFNaJe 6i3 Ey aFtinJ as a meFKaniFaO anG siJnaO interIaFe EetZeen tKe
mXOtipOe staFNeG GeviFes anG tKe printeG FirFXit EoarG 3&% TKis approaFK resXOts in miniatXri]eG
paFNaJe Gimensions anG sKorter FonneFtions EetZeen tKe GeviFes tKereEy OeaGinJ to OoZer poZer
FonsXmption anG siJnaO OatenFy anG a KiJKer operatinJ speeG >@ 6tate oI tKe art siOiFon interpos-
ers are aEOe to EriGJe tKe pitFK Jap EetZeen tKe KiJK Gensity I2s oI tKe GeviFe anG tKe OoZ Gensity
I2s oI tKe paFNaJe Ey empOoyinJ a KiJK-Gensity reGistriEXtion Oayer RDL FonsistinJ oI :6  11
m FonGXFtors in tZo or more metaOOi]ation Oayers separateG Ey GieOeFtriF anG FonneFteG ZitK miFro-
vias ZitK a Giameter oI Oess tKan  m see )iJXre 1 OeIt part >@>@ TKese strXFtXres are FXr-
rentOy IaEriFateG XsinJ OitKoJrapKiF metKoGs ZKiFK Fontain mXOtipOe proFess steps eJ metaO pOatinJ
appOyinJ anG e[posinJ tKe pKotoresist GeveOopinJ removinJ tKe pKotoresist tKXs resXOtinJ in inIOe[-
iEOe proFesses ZitK a KiJK GeJree oI materiaO FonsXmption TKe seOeFtive metaOOi]ation anG GieOeFtriF
Geposition XsinJ FontaFtOess GiJitaO printinJ teFKnoOoJies tKereIore Kas tKe potentiaO to inFrease tKe
IOe[iEiOity oI tKe RDL IaEriFation proFess anG reGXFe its environmentaO impaFt TKe reTXireG  11
m sKoXOG Ee ZeOO ZitKin tKe FapaEiOities oI (-Met printinJ ZKiOe tKe KiJKer tKroXJKpXt pie]oeOeFtriF
inNMet printer FoXOG Ee XseG Ior tKe Geposition oI tKe OarJe-area GieOeFtriF Oayer
 ASSliFations of KigKSUeFision inNMet SUinting
 
)iJXre 11 +iJK-Gensity mXOtiOayer RDL OeIt part anG printinJ proFess riJKt part Irom 3uEliFation ,,,
 1 I(((
In 3uEliFation ,, tKe FomEination oI (-Met anG pie]oeOeFtriF inNMet printinJ Zas stXGieG Ior tKe IaEri-
Fation oI a KiJK-Gensity RDL oI a siOiFon interposer ZitK a 55 m :6 FirFXitry in tZo metaOOi]ation
Oayers separateG Ey a GieOeFtriF anG FonneFteG ZitK a miFrovia appro[imateOy 1 m in Giameter
*oOG nanopartiFOe inN AU-1anometaO UL9A& -apan Zas XseG Ior (-Met printinJ tKe FonGXFtors anG
miFrovia piOOar ZKiOe a U9-FXraEOe epo[y EaseG GieOeFtriF RU9-1 6I- TeFKnoOoJy -apan Zas
XseG Ior tKe pie]oeOeFtriF inNMet printinJ oI tKe GieOeFtriF Oayer TKe (-Met printinJ staEiOity Zas Iirst
investiJateG Ey GepositinJ interGiJitateG anG meanGer eOeFtroGes ZitK 55 m :6 in EotK metaOOi]a-
tion Oayers M(T1 anG M(T anG measXrinJ Ior sKort anG open FirFXits TKe printinJ proFess Ior
tKese strXFtXres is sKoZn in )iJXre 11 3rior to printinJ tKe siOiFon ZaIer Zas spXttereG ZitK Ti: to
proviGe an aGKesion Oayer EetZeen tKe sXEstrate anG tKe printeG AX-FonGXFtors 1 TKis Zas IoO-
OoZeG Ey (-Met printinJ  anG sinterinJ  tKe M(T1 FonGXFtors TKe etFKinJ oI tKe Ti: Oayer 
Zas tKe onOy non-aGGitive part in tKe proFess anG it sKoXOG Ee possiEOe to repOaFe tKis Ey aGGinJ an
aGKesion promoter Ior 6i2 in tKe AX-inN IormXOation TKe GieOeFtriF Oayer Zas printeG Ey a pie]oe-
OeFtriF inNMet printer 5 anG FXreG  IoOOoZeG Ey (-Met printinJ  anG FXrinJ  tKe M(T FonGXF-
tors )or Fomparison tKe OitKoJrapKiF IaEriFation proFess oI a 5D interposer may Fontain as many
as  separate proFess steps >@
DXrinJ tKe (-Met printinJ proFess it Zas possiEOe to Xse a KiJK GropOet eMeFtion IreTXenFy Ior tKe
M(T1 FonGXFtors ZKiFK resXOteG in KiJKer resoOXtion patterninJ as sKoZn in 3uEliFation , +oZ-
ever Ior printinJ tKe M(T FonGXFtors tKe print parameters ie ampOitXGe anG Eias voOtaJes tKe
print IreTXenFy anG print speeG KaG to Ee re-FaOiErateG EeFaXse tKe GieOeFtriF sXEstrate aIIeFteG tKe
strenJtK oI tKe eOeFtriF IieOG anG tKereIore tKe GropOet voOXme )XrtKermore tKe M(T FonGXFtors
KaG to Ee printeG ZitK a EipoOar voOtaJe so tKat tKe sXEseTXent GropOets ZoXOG Kave tKe opposite

FKarJe to prevent FKarJinJ tKe GieOeFtriF sXEstrate TKis OimiteG tKe ma[imXm GropOet eMeFtion Ire-
TXenFy anG reGXFeG tKe resoOXtion so tKat tKe FonGXFtor ZiGtK Zas over 5 m in tKe M(T anG onOy
a m in tKe M(T1 FonGXFtors )iJXre 1 riJKt part Despite tKese FKaOOenJes it Zas possiEOe to
Gemonstrate staEOe MettinJ in EotK metaOOi]ation Oayers )iJXre 1 OeIt part MXOtiOayer printinJ Ior tKe
FonGXFtors Zas empOoyeG to aFKieve a KiJK aspeFt ratio anG reGXFe tKe resistanFe oI otKerZise KiJK
resistivity nanopartiFOe FonGXFtors TKis approaFK enaEOeG printinJ oI M(T1 anG M(T FonGXFtors
ZitK a ma[imXm aspeFt ratio oI a5 anG a1 respeFtiveOy TKe resistivity oI tKe M(T1 FonGXFtors
ForresponGeG ZeOO ZitK tKe GatasKeet vaOXe oI  2KmFm EXt Ior tKe M(T FonGXFtors it Zas
siJniIiFantOy KiJKer at a5 2KmFm It Zas KypotKesi]eG tKat tKe KiJKer resistivity oI tKe M(T Oayer
FoXOG Ee reOateG to insXIIiFient tKermaO treatment oI tKe GieOeFtriF Oayer or tKe OarJe FoeIIiFient oI a
tKermaO e[pansion &T( mismatFK EetZeen tKe JoOG 1 ppmK >@ anG epo[y 5 to 5 ppmK
>@ ZKiFK may resXOt in GeOamination anG FraFNinJ oI tKe JoOG FonGXFtors In FonFOXsion tKe resXOts
inGiFateG tKat tKe siJnaO roXtinJ oI a KiJK Gensity printeG RDL sKoXOG Ee Gone preIeraEOy in M(T1
FonGXFtors insteaG oI M(T FonGXFtors
)iJXre 1 LeIt part KiJK-Gensity RDL M(T1 FonGXFtors A anG % anG M(T FonGXFtors & anG D
RiJKt part 6(M imaJes oI M(T1 anG M(T1 Fross-seFtions Irom 3uEliFation ,,  1 I(((
TKe (-Met printinJ oI miFropiOOars Zas XtiOi]eG in tKe IaEriFation oI tKe miFrovia interFonneFt EetZeen
tKe M(T1 anG M(T FonGXFtors (-Met miFropiOOar printinJ is EaseG tKe Iast evaporation oI smaOO
Giameter GropOets GXe to tKe OarJe GropOet sXrIaFe area to voOXme ratio )or sXE-IemtoOiter voOXme
GropOets tKe evaporation rate is Iast enoXJK tKat a siJniIiFant voOXme oI soOvent evaporates in-IOiJKt
anG mXOtipOe GropOets Fan Ee printeG one top oI eaFK otKer resXOtinJ in tKe Iormation oI a miFropiOOar
In tKe stXGy tKe printinJ voOtaJe Eias voOtaJe  ampOitXGe Zas optimi]eG so tKat tKe resXOtinJ piOOar
KaG a Giameter oI appro[imateOy 1 m ZKiFK is tZo times smaOOer tKan tKe FXrrent inGXstry stanGarG
TKe piOOar KeiJKt Zas FontroOOeG Ey aGMXstinJ tKe totaO MettinJ time TKe piOOar aspeFt ratio ranJeG Irom
 to 11 ZitK a minimXm resistanFe oI  m2Km ImaJes oI tKe printeG miFropiOOars are sKoZn in
)iJXre 1
 5
TKe resistanFe ranJe oI tKe RDL GepenGs on tKe appOiFation IieOG )or e[ampOe raGio IreTXenFy R)
GeviFes reTXire resistanFe vaOXes oI XnGer 1 m2Km EXt OoZer IreTXenFy appOiFations aOOoZ re-
sistanFes Xp to 1N2Km anG eOeFtromaJnetiF interIerenFe (MI sKieOGinJ Fan Ee Gone even at 1
M2Km >@ &onsiGerinJ tKe GemonstrateG resistanFe vaOXes Ior IXOOy printeG KiJK-Gensity RDL Fon-
GXFtors tKe ma[imXm patK OenJtKs ZoXOG Ee a11 m in M(T1 anG a11 m in M(T iI tKe RDL
is to Ee XtiOi]eG Ior raGio IreTXenFy R) appOiFations TKese vaOXes sKoXOG Ee sXIIiFient to reGistriEXte
some siJnaO patKs Irom paFNaJe I2s to GeviFe I2s EXt OiNeOy not aOO TKereIore it is e[peFteG tKat
tKe appOiFation area Ior IXOOy printeG RDLs ZoXOG Ee in tKe IieOG oI OoZer IreTXenFy GeviFes ZKiFK
Fan Ee IoXnG Ior e[ampOe in M(M6 paFNaJinJ &ompareG to otKer IXOOy printeG KiJK Gensity reGis-
triEXtion Oayers IaEriFateG Ior e[ampOe ZitK aerosoO printinJ >@ tKe resXOts presenteG in tKis Fontri-
EXtion sKoZ a  to  IoOG inFrease in ZirinJ Gensity anG a1 IoOG GeFrease in via Giameter
)iJXre 1 (-Met printeG miFropiOOar anG miFrovia Irom 3uEliFation ,,  I((( 1
2XtsiGe tKe ZorN Gone Ior tKis tKesis tKe GiJitaO anG aGGitive IaEriFation in eOeFtroniFs paFNaJinJ Kas
Eeen GemonstrateG in tKe metaOOi]ation oI OarJe Giameter T69s >1@ >@ as ZeOO as in tKe GieOeFtriF
IiOOinJ oI T69s >@ anG tKe IaEriFation oI XnGer EXmp metaOOi]ation U%M >@ )XrtKermore tKe
metaOOi]ation oI KiJK-Gensity T69s ZKiFK are a vitaO part oI tKe siOiFon interposer anG ZKiFK XtiOise
KiJK Gensity RDLs Kas Eeen investiJateG XsinJ KiJK-resoOXtion (-Met printinJ >@ In tKese stXGies
it Zas IoXnG tKat tKe metaOOi]ation anG GieOeFtriF IiOOinJ oI T69s is IeasiEOe ZitK GiJitaO aGGitive IaEri-
Fation teFKnoOoJies +oZever tKe T69 metaOOi]ation ZitK pie]oeOeFtriF inNMets reTXire mXOtipOe Keat-
inJ steps Ior soOvent evaporation GXe to tKe OoZ voOXmetriF soOiG Fontent oI tKe nanopartiFOe inNs In
tKe Fase oI (-Met metaOOi]eG KiJK-Gensity vias tKe nXmEer oI evaporation steps FoXOG Ee reGXFeG
GXe to tKe evaporation oI smaOO voOXme GropOets aOreaGy in-IOiJKt
 7UansistoU inteUFonneFts
AppOiFation speFiIiF printeG FirFXits A63(&s are reOateG to appOiFation speFiIiF inteJrateG FirFXits
A6I&s in tKat tKey EotK Fontain FirFXits FXstomi]eG Ior a speFiIiF insteaG oI JeneraO Xse eJ I&s

or RAM +oZever A63(&s empOoy GiJitaO printinJ teFKnoOoJies insteaG oI semiFonGXFtor IaEriFa-
tion proFesses to aFKieve at-KomeoIIiFe personaOi]ation ie IieOG-FonIiJXraEiOity oI tKe pre-IaEri-
FateG Jate arrays 6peFiIiFaOOy tKe OitKoJrapKiFaOOy IaEriFateG Jate arrays Iorm XnFonneFteG OoJiF
EOoFNs ZitK interFonneFt resoXrFes in tKe top-most metaOOi]ation Oayer ZKiOe tKe printinJ teFKnoOoJies
are XseG to FonIiJXre tKese interFonneFtions in tKe IieOG anG GepenGinJ on tKe appOiFation &ompareG
to roOO-to-roOO or sFreen printinJ tKe inNMet printinJ teFKnoOoJies oIIer a natXraO soOXtion in terms oI
IieOG-FonIiJXraEiOity GXe to tKe KiJKOy FXstomi]aEOe proFess IOoZ resXOtinJ Irom tKe Xse oI GiJitaO print
IiOes insteaG oI pKysiFaO print masNs InNMet printinJ teFKnoOoJies aOso proviGe easier aFFessiEiOity GXe
to tKeir more FompaFt si]e anG simpOe print IiOe anG print KeaG preparation 6imiOar to I&s or A6I&s
IaEriFateG ZitK FonventionaO semiFonGXFtor proFesses tKe A63(& perIormanFe eJ proFessinJ
speeG anG enerJy FonsXmption sFaOes ZitK tKe array Gensity anG FirFXit FompOe[ity %eFaXse KiJK-
resoOXtion OitKoJrapKiF metKoGs are XseG Ior tKe array impOementation tKe resoOXtion oI inNMet printinJ
teFKnoOoJies is tKe OimitinJ IaFtor in aFKievinJ KiJK interFonneFt anG array Gensity anG FonFomitant
KiJK perIormanFe oI A63(& FirFXits >5@
In 3uEliFation ,,, (-Met anG aerosoO Met A- printinJ Zere FompareG Ior metaOOi]inJ KiJK-Gensity
A63(& interFonneFts TKe test veKiFOes FonsisteG oI pKotoOitKoJrapKiFaOOy pre-IaEriFateG AX-Fon-
GXFtors in tKe Eottom anG top metaOOi]ation Oayer M(T1 anG M(T5 respeFtiveOy separateG Ey tZo
passivation Oayers ZitK 1 mð anG 1 mð area vias on top oI tKe M(T1 FonGXFtors see )iJXre 1
TKe M(T5 FonGXFtors Zere FonneFteG to tKe I2 paGs anG tKe M(T1 FonGXFtors IormeG via-to-via
interFonneFts ZKiOe tKe GiIIerent printinJ teFKnoOoJies Zere XtiOi]eG in tKe IaEriFation oI tKe M(T1-
to-M(T5 interFonneFtion in M(T In reaO A63(& FirFXits tKe M(T1 FonGXFtors ZoXOG Ee XseG to
FonneFt tKe transistor eOeFtroGes in tKe Jate array anG tKe M(T printeG interFonneFts ZoXOG Ee
XseG to FonIiJXre tKe FonneFtions EetZeen tKe Jate arrays to Iit tKe Xser-GetermineG appOiFation
TKe pKotoOitKoJrapKy proFess Ior tKe 2T)T IaEriFation enaEOes Jate OenJtKs oI appro[imateOy  m
ZKiFK Getermines tKe transistor si]e anG array Gensity TKe printeG FonGXFtor Oine ZiGtK Kas to Fon-
Iorm to tKis Gensity reTXirement to IXOOy ma[imi]e tKe perIormanFe oI tKe A63(& FirFXit It is tKere-
Iore important to aFKieve minimXm Oine ZiGtK printeG interFonneFts KoZever tKis sKoXOG not Fome
at tKe Fost oI tKe interFonneFt yieOG In tKe stXGy (-Met printeG FonGXFtors ZitK GesiJneG FonGXFtor
ZiGtKs oI  1 anG  m Zere printeG in M(T anG tKeir sKeet resistanFe anG yieOG Zere FompareG
ZitK aerosoO Met printeG 15 m anG pKotoOitKoJrapKiFaOOy IaEriFateG  m ZiGe FonGXFtors
)iJXre 1 A63(& Jate array anG interFonneFt test veKiFOe strXFtXres Irom 3uEliFation ,,,  1
I(((
 
)iJXre 15 A63(& strXFtXres ZitK 6I- printeG  1 anG  m Xpper part anG A- printeG 15m inter-
FonneFts OoZer part Irom 3uEliFation ,,,  1 I(((
TKe resXOts inGiFateG tKat tKe (-Met printeG  m ZiGe interFonneFts Kave a yieOG oI  ZKiOe tKe
A- printeG anG pKotoOitKoJrapKiFaOOy IaEriFateG FonGXFtors KaG a yieOG oI  anG  respeFtiveOy
&omparinJ tKe (-Met anG A- printeG FonGXFtors )iJXre 15 Xpper part vs OoZer part respeFtiveOy it
Zas apparent tKat tKe yieOG Zas EotK a IXnFtion oI tKe FonGXFtor XniIormity anG positioninJ aFFXraFy
oI tKe printinJ GeviFe TKe (-Met Zas aOso aEOe to Iorm interFonneFts at smaOOer Oine ZiGtK FompareG
to A- teFKnoOoJy tKXs inGiFatinJ tKat it is tKe Eetter option to IXOOy ma[imi]e tKe perIormanFe oI
A63(& FirFXits
In 3uEliFation ,9 (-Met printinJ anG pie]oeOeFtriF inNMet I- printinJ Zere FompareG Ior A63(& inter-
FonneFt IaEriFation A pKotoOitKoJrapKiFaOOy pre-IaEriFateG FirFXit Zas optimi]eG so tKat a sinJOe I-
GropOet FoXOG Ee XseG to Iorm tKe interFonneFt EetZeen tKe Eottom metaOOi]ation Oayer M(T1 anG
intermeGiate metaOOi]ation Oayer M(T in tKe top metaOOi]ation Oayer M(T see )iJXre 1 OeIt
part )or (-Met printinJ tKe optimi]eG strXFtXre aOOoZeG tKe Xse oI a EXmpinJ metKoG ZKereEy eaFK
EanN Zas IiOOeG ZitK mXOtipOe inN Oayers ZitK a Fertain time GeOay EetZeen tKe Oayers OeaGinJ to tKe
reOativeOy Iast EXiOG-Xp oI tKiFN OoZ resistanFe interFonneFts in M(T In tKe stXGy tKe resistanFe oI
tKe printeG interFonneFts Zas FompareG to tKe pKotoOitKoJrapKiFaOOy IaEriFateG FoXnterpart anG tKe
interFonneFt yieOG Zas reOateG to tKe via Gensity Ey metaOOi]inJ 5   m ZiGtK : vias ZitK 
 5 m via-to-via spaFinJ 6 see )iJXre 1 riJKt part anG )iJXre 1 OeIt part

)iJXre 1 TKe A63(& interFonneFt resoXrFe optimi]eG Ior inNMet GropOets OeIt part anG interFonneFt
resoXrFe Gimensions riJKt part Irom 3uEliFation ,9  1 I23 6FienFe
)iJXre 1 (-Met metaOOi]eG A63(& interFonneFts OeIt part anG a Fomparison oI tKe resistanFe Ior (-Met
A- anG pKotoOitKoJrapKy metaOOi]eG via-FKains riJKt part Irom 3uEliFation ,9  1 I23 6FienFe
TKe totaO resistanFe  oI tKe ZireG via-FKains is sKoZn in tKe OeIt part oI )iJXre 1 GeFomposeG to
its resistive Fomponents ie tKe metaO Zire resistanFe   GarN EOXe seFtion oI tKe Ears anG totaO
FontaFt resistanFe oI tKe vias  paOe EOXe seFtion oI tKe Ears ZKere tKe  inGiFates tKe nXmEer
oI vias in tKe via-FKain )or FonvenienFe tKe totaO FontaFt resistanFe oI tKe vias is FaOFXOateG aEove
tKe Ears TKe FontaFt resistanFe oI sinJOe via  Fan Ee tKen FaOFXOateG Ey GiviGinJ tKe totaO FontaFt
resistanFe oI tKe via-FKain Ey tKe nXmEer oI vias TKe via-resistanFe oI tKe (-Met printeG interFon-
neFts 1 2Km Zas FomparaEOe to tKe pKotoOitKoJrapKiFaOOy IaEriFateG FoXnterpart 11 2Km
anG siJniIiFantOy OoZer tKan tKat oI tKe I- printeG interFonneFts 1 2Km see )iJXre 1 riJKt part
TKe yieOG oI tKe (-Met printeG interFonneFts FoXOG Ee inFreaseG siJniIiFantOy tKroXJK tKe Xse oI an
optimi]eG interFonneFt resoXrFe strXFtXre anG a 1 yieOG FoXOG Ee aFKieveG Ior  anG 5 m via-
to-via spaFinJ ZKiOe tKe  m via-to-via spaFinJ inFOXGeG a IeZ sKort FirFXits EetZeen tKe vias
+oZever it sKoXOG Ee possiEOe to inFrease tKe yieOG Ey more FareIXO optimi]ation oI tKe print param-
eters AOtKoXJK tKe I- printinJ Zas aEOe to proGXFe a FomparaEOe yieOG to (-Met printinJ tKe OarJer
GropOet si]e oI tKe I- printer ZiOO XOtimateOy Oimit tKe via Giameter to a m ZKiOe tKe (-Met printinJ
 
Fan Ee XtiOi]eG Ior siJniIiFantOy smaOOer vias GXe to tKe smaOOer GropOet si]e see 3uEliFation , +oZ-
ever at tKe time oI tKe e[periments tKe OaFN oI OoZ sinterinJ temperatXre inNs ZitK staEOe (-Met MettinJ
OimiteG its appOiFaEiOity to FonneFt 2T)T EaseG A63(& FirFXits TKXs onOy tKe eIIeFt oI I- printeG
interFonneFts on tKe operatinJ IreTXenFy oI an 2T)T EaseG rinJ osFiOOator FirFXit FoXOG Ee investi-
JateG Ten I- interFonneFteG rinJ osFiOOators KaG an averaJe osFiOOation IreTXenFy oI 5 N+] ZKiOe
tKe KiJKest osFiOOation IreTXenFy Zas  N+] ZKiFK FompareG ZeOO ZitK pKotoOitKoJrapKiFaOOy inter-
FonneFteG FoXnterpart
In FonFOXsion (-Met printinJ sKoZs promise in interFonneFt IaEriFation oI KiJK-Gensity OoZ resistanFe
IieOG-FonIiJXraEOe A63(& FirFXits (speFiaOOy promisinJ is tKe printinJ on tKe EanN strXFtXre opti-
mi]eG Ior pie]oeOeFtriF inNMet GropOets sinFe it reGXFes tKe proFess variation reOateG to tKe FonGXFtor
eGJesXrIaFe roXJKness tKereEy inFreasinJ tKe yieOG )XrtKermore IinGinJ or IormXOatinJ staEOe OoZ-
temperatXre (-Met inNs is important to IXOOy EeneIit Irom tKe KiJK-resoOXtion oI tKe (-Met patterneG
interFonneFts Ior OoZ temperatXre 2T)T EaseG A63(&s TKe temperatXre resiOient inorJaniF semi-
FonGXFtor EaseG A63(&s sKoXOG Ee FompatiEOe ZitK KiJK sinterinJ temperatXre (-Met inNs introGXFeG
in tKe previoXs pXEOiFations AOtKoXJK tKe pie]oeOeFtriF inNMet printer sKoZs promise GXe to its KiJKer
tKroXJKpXt it may OeaG to Fompromises in tKe array Gensity anG perIormanFe oI tKe A63(& GXe to
its OoZer resoOXtion
 0iniatuUi]ation of a laEonsNin s\steP tKUougK PonolitKiF integUa
tion
In tKe previoXs FKapters KiJK-preFision GiJitaO printinJ teFKnoOoJies Zere XseG to enKanFe anG ErinJ
neZ IXnFtionaOities to e[istinJ IaEriFation proFesses ZitKoXt maNinJ saFriIiFes in tKe OeveO oI minia-
tXri]ation +oZever tKey Fan Ee aOso XseG Ior IaEriFation oI systems ZKiFK enaEOe FompOeteOy neZ
IXnFtionaOities tKat Go not Kave e[istinJ FoXnterparts in FonventionaO eOeFtroniFs IaEriFation TKe
monitorinJ oI KXman KeaOtK FonGitions ZitK XOtra-tKin printeG EiosiJnaO measXrement systems is an
e[ampOe oI sXFK an appOiFation In tKe IXtXre tKese OaE-on-sNin systems FoXOG Fontain aOO tKe neFes-
sary Fomponents Ior EiosiJnaO aFTXisition ampOiIiFation poZerinJ anG Gata transIer anG enaEOe pa-
tients to Ee monitoreG XnoEtrXsiveOy

)iJXre 1 3roposeG XOtra-tKin OaE-on-sNin setXp ZitK printeG pie]oeOeFtriF EiosiJnaO sensor anG inte-
JrateG FKarJe ampOiIier
 8ltUatKin Eiosignal aPSlifieU ZitK integUateG SassiYe FoPSonents
MonoOitKiFaOOy inteJrateG FirFXits Fontain EotK OarJe anG smaOO area strXFtXres eJ FapaFitors anG
transistors anG are tKereIore not optimaO Ior OoZ tKroXJKpXt (-Met printinJ )or e[ampOe (-Met printinJ
a  nm tKiFN 1 mmð sTXare eOeFtroGe Ior a paraOOeO pOate FapaFitor taNes appro[imateOy  minXtes
assXminJ 5-miFron Giameter GropOets a 1 N+] GropOet eMeFtion IreTXenFy a 5 overOap EetZeen
GropOets anG a sinJOe Oayer tKiFNness oI 5 nm ZKereas tKe same tasN Fan Ee aFFompOisKeG ZitK a
pie]oeOeFtriF inNMet printer in tKe orGer oI IeZ tens oI seFonGs )or transistor printinJ KoZever smaOO
IeatXre si]es are reTXireG TKe sZitFKinJ speeG oI tKe IieOG eIIeFt transistor is GesFriEeG Ey tKe eTXa-
tion Ior transition IreTXenFy
ZKere  is semiFonGXFtor moEiOity  is tKe FKanneO OenJtK  is tKe tKresKoOG voOtaJe anG is
tKe Jate-to-soXrFe voOtaJe TKXs tKe sZitFKinJ speeG oI tKe transistor Fan Ee inFreaseG Ey aGMXstinJ
tKe semiFonGXFtor moEiOity  or Ey aGMXstinJ tKe transistor FKanneO OenJtK  %eFaXse tKe orJaniF
semiFonGXFtor moEiOities are OimiteG to reOativeOy OoZ vaOXes rXErene   a Fm9s >@ it is neF-
essary to inFrease tKe sZitFKinJ speeG Ey minimi]inJ tKe FKanneO OenJtK TKe KiJK GropOet position-
inJ aFFXraFy - 5 m see TaEOe  oI tKe pie]oeOeFtriF printer sKoXOG Ee sXIIiFient Ior IaEriFation oI
a a1 m soXrFeGrain eOeFtroGe Jap ie FKanneO OenJtK transistor )XrtKermore EeFaXse tKe
tKroXJKpXt oI tKe pie]oeOeFtriF inNMet printer is reOativeOy KiJK FompareG to (-Met printinJ a smaOO
FKanneO OenJtK transistor and OarJe area inteJrateG paraOOeO pOate FapaFitor FoXOG Ee IaEriFateG in tKe
same proFess ToJetKer ZitK tKe GeveOopment oI GireFt printeG orJaniF semiFonGXFtor inNs tKis
ZoXOG aOOoZ tKe IaEriFation oI monoOitKiFaOOy inteJrateG printeG FirFXits ZKiFK ZoXOG Kave sXIIiFient
perIormanFe Ior Fertain OoZ IreTXenFy appOiFations IoXnG in tKe IieOG oI on-sNin EiosiJnaO monitorinJ
 1
)or e[ampOe tKe arteriaO pXOse Zave 3: XseG Ior GiaJnosis oI varioXs vasFXOar Giseases Fontains
reOevant inIormation in a narroZ IreTXenFy EanG oI 5 m+] - 5+] >1@
ReJarGinJ tKe on-sNin EiosiJnaO monitorinJ tKe XOtra-tKin Iorm IaFtor oI tKe ampOiIier is important Ior
aFKievinJ KiJK sNin FonIormaEiOity anG enKanFeG Xser FomIort ZitKoXt tKe Xse oI aGKesives InNMet
printinJ teFKnoOoJies oIIer a natXraO soOXtion to tKis proEOem EeFaXse tKe nanopartiFOe inNs empOoyeG
in FonGXFtor IaEriFation JeneraOOy Kave a OoZ voOXmetriF soOiG Fontent >5@ anG tKereIore OoZ Gepos-
iteG materiaO tKiFNness a1 oI tKe GropOet Giameter see )iJXre  DXe to tKe OaFN oI inNMet printaEOe
orJaniF semiFonGXFtor inNs GispensinJ teFKnoOoJy is oIten XseG Ior tKe Geposition oI tKe aFtive
materiaO oI tKe transistor EeFaXse it aOOoZs Ior a ZiGer ranJe oI rKeoOoJiFaO properties ZKiOe stiOO main-
taininJ tKe KiJKOy FXstomi]aEOe proFess IOoZ GXe to tKe Xse oI GiJitaO print IiOes >@ >@ )XrtKermore
tKe soOiG Fontent oI tKe GispensinJ inNs Fan Ee reGXFeG so tKat tKe reTXirement Ior an XOtra-tKin Iorm
IaFtor is not MeoparGi]eG TKe main sKortFominJ oI tKe GispensinJ teFKnoOoJy its OoZ resoOXtion is
not KiJKOy siJniIiFant Ior printinJ transistors EeFaXse tKe transistor perIormanFe is not aIIeFteG Ey
tKe Kori]ontaO Gimensions oI tKe semiFonGXFtinJ Oayer
In 3uEliFation 9 pie]oeOeFtriF inNMet printinJ anG GispensinJ Zere XtiOi]eG Ior tKe IaEriFation oI XOtra-
tKin a m tKiFN orJaniF pseXGo-&M26 inverter-EaseG FKarJe ampOiIiers ZitK monoOitKiFaOOy inte-
JrateG passive Fomponents ie EiasIeeGEaFN resistors anG paraOOeO pOate IeeGEaFN FapaFitor TKe
6D eOeFtroGes Jate resistorFapaFitor eOeFtroGes anG Fomponent interFonneFts Zere metaOOi]eG
ZitK an inNMet printer ZKiOe tKe KiJK-resistivity resistor materiaO anG aFtive materiaO oI tKe transistor
Zere GispenseG &KemiFaO vapor Geposition oI paryOene Zas XtiOi]eG Ior tKe sXEstrate paraOOeO pOate
FapaFitor GieOeFtriF anG Jate GieOeFtriF IaEriFation to aFKieve tKin anG KiJKOy FontroOOaEOe Oayer tKiFN-
nesses TKe ampOiIier Zas FKaraFteri]eG Ey measXrinJ tKe voOtaJe transIer FKaraFteristiF 9T&
FXrves smaOO siJnaO Jain ampOitXGe anG pKase response )XrtKermore tKe FapaEiOity oI tKe ampOiIier
Ior EiosiJnaO ampOiIiFation Zas evaOXateG Ey XsinJ a pXOse Zave siJnaO reForGeG Irom tKe raGiaO artery
on tKe Zrist oI a person 3uEliFation 9, as an inpXt siJnaO anG tKen FomparinJ it to tKe oXtpXt

)iJXre 1 )aEriFation proFess oI an XOtra-tKin FKarJe ampOiIier 6ee te[t Ior proFess GesFription
TKe IaEriFation proFess Ior tKe FKarJe ampOiIier is sKoZn in )iJXre 1 )or simpOiFity tKe interFon-
neFts anG resistor printinJ are omitteG Irom tKis piFtXre )irst tKe JOass Farrier sXEstrate ZitK reOease
Oayer is FoateG ZitK a one-miFron paryOene Oayer XsinJ FKemiFaO vapor Geposition A TKis is IoOOoZeG
Ey printinJ tKe Jate anG FapaFitor eOeFtroGes anG interFonneFts in tKe Iirst metaOOi]ation Oayer XsinJ
a pie]oeOeFtriF inNMet printer anG a OoZ sinterinJ temperatXre a1 & AJ-nanopartiFOe inN 136--L
+arima &KemiFaOs -apan % A paryOene Oayer oI a15 nm tKiFNness is tKen GepositeG on tKe
sampOe to Iorm tKe Jate anG FapaFitor GieOeFtriF & TKis is IoOOoZeG Ey printinJ tKe transistor
soXrFeGrain 6D anG resistor eOeFtroGes anG tKe FapaFitor top eOeFtroGe ZitK AJ-nanopartiFOe inN
in tKe seFonG metaOOi]ation Oayer D TKe printinJ oI 6D eOeFtroGes XtiOi]es tKe KiJKOy FontroOOaEOe
GropOet positioninJ aFFXraFy oI tKe pie]oeOeFtriF inNMet printer anG KomoJenoXs sXEstrate sXrIaFe
enerJy oI tKe paryOene to aFKieve an 6D Jap ie FKanneO OenJtK oI a1 m TKis is IoOOoZeG Ey
GispensinJ a sXrIaFe enerJy pattern ZitK IOXoropoOymer ( ZKiFK is XseG to FontroO tKe spreaGinJ
oI tKe GispenseG KiJK-resistivity resistor inN anG tKe p-type orJaniF semiFonGXFtor inN XseG as tKe
transistor FKanneO materiaO ) A IOXoropoOymer passivation Oayer is GispenseG onto tKe transistors
anG resistors to prevent GeJraGation oI tKe respeFtive materiaOs * )inaOOy tKe ampOiIier Fan Ee
FareIXOOy reOeaseG Irom tKe Farrier sXEstrate + TKe IinaO GeviFe is sKoZn in )iJXre 
 
)iJXre  UOtra-tKin FKarJe ampOiIier J K ZitK an inteJrateG EiasIeeGEaFN resistor a G IeeGEaFN
FapaFitor F I anG aFtive Fomponents E e TKe sFaOe Ears are  m in a E anG F anG  nm 
m anG  nm in G e anG I respeFtiveOy Irom 3uEliFation 9  1 I(((
TKe reproGXFiEiOity oI tKe ampOiIier IaEriFation Zas investiJateG Ey measXrinJ tKe 9T& oI eiJKt am-
pOiIiers anG FaOFXOatinJ tKe respeFtive smaOO siJnaO Jains see )iJXre 1 a TKe ma[imXm smaOO siJnaO
Jain Zas a1 ZKiOe tKe FoeIIiFient oI variation &9 Zas  TKe Oatter FoXOG Ee partiaOOy e[pOaineG
Ey tKe resistor IaEriFation proFess variation &9    )XrtKermore tKe IeeGEaFN FapaFitor IaEri-
Fation proFess KaG a OoZ &9 oI  ZKiFK is espeFiaOOy important in orGer to aFKieve reproGXFiEOe
FKarJe ampOiIiFation EeFaXse ͳȀ  &ompareG to printeG ampOiIier FirFXits IaEriFateG ZitK
FonventionaO passive Fomponents tKe GemonstrateG IXOOy printeG ampOiIier aFKieveG FomparaEOe
operatinJ voOtaJe 5 9 vs  to  9 anG voOtaJe ampOiIiFation 1 vs 1 to 
>@>@>@>1@>@ )XrtKermore tKe ampOiIier passEanG FoXOG Ee aGMXsteG to Iit reTXirements oI
pXOse-Zave-EaseG GiaJnostiFs Ey varyinJ tKe vaOXe oI tKe IeeGEaFN resistanFe TKe IreTXenFy re-
sponses inFOXGinJ FKarJe anG voOtaJe ampOiIiFation anG respeFtive pKase responses Zere meas-
XreG Ior tZo ampOiIiers ZitK KiJK anG OoZ resistanFe vaOXe see )iJXre 1 E An ampOiIier ZitK 
M+] to  +] optimi]eG passEanG Zas FKosen to ampOiIy a 3:-siJnaO reForGeG ZitK a poOyvi-
nyOGeneIOXoriGe-Fo-triIOXoroetKyOene 39D)-Tr)( EaseG pie]oeOeFtriF pressXre sensor Irom tKe
raGiaO artery on a person¶s Zrist see )iJXre 1 F TKe FOiniFaOOy reOevant inGiFes Zere FaOFXOateG
Irom tKe sensor siJnaO anG ampOiIier oXtpXt anG tKen FompareG AIter removinJ tKe KiJK IreTXenFy

noise Fomponent Irom tKe ampOiIier oXtpXt tKe GiIIerenFes in tKe parameter vaOXes Zere no Jreater
tKan tKe variation FaXseG Ey FKanJinJ pKysioOoJiFaO IaFtors
)iJXre 1 6maOO siJnaO Jain A IreTXenFy response % anG pXOse Zave ampOiIiFation & oI tKe ampOi-
Iier Irom 3uEliFation 9  1 I(((
In FonFOXsion tKe GemonstrateG monoOitKiF inteJration oI aFtive anG passive Fomponents ZitK a
FomEination oI KiJK preFision anG OoZ preFision GiJitaO printinJ teFKnoOoJies inGiFates tKat tKey are
promisinJ FanGiGates Ior tKe miniatXri]ation oI printeG eOeFtroniF FirFXits )XrtKermore monoOitKiF
inteJration FoXOG Ee aFKieveG ZitK a reOativeOy smaOO reGXFtion in tKe proFess tKroXJKpXt EeFaXse
tKe OarJe area paraOOeO pOate FapaFitor eOeFtroGes anG smaOO area 6D eOeFtroGe Jap Zere IaEriFateG
in tKe same inNMet printinJ proFess TKis is espeFiaOOy important in tKe Fase oI XOtra-tKin GeviFes
ZKiFK ZoXOG proEaEOy Ee GisposaEOe GXe to tKeir IraJiOity anG ZKiFK neeG to Ee tKereIore aIIorGaEOe
TKe aOternative option Ior IaEriFatinJ sXFK strXFtXres ZitK (-Met EaseG proFess ZoXOG reGXFe tKe 6D-
Jate eOeFtroGe overOap anG ZoXOG Ee OiNeOy to OeaG to improveG transistor perIormanFe EXt aOso siJ-
niIiFantOy reGXFe tKe tKroXJKpXt as GisFXsseG in tKe EeJinninJ oI tKis FKapter tKereEy inFreasinJ
tKe IaEriFation Fost )XrtKermore Fertain appOiFations oI on-sNin EiosiJnaO measXrements Fan Ee
sXFFessIXOOy perIormeG at reOativeOy OoZ IreTXenFies as sKoZn aEove so tKat KiJK-perIormanFe
transistors are not neFessariOy reTXireG II KoZever a KiJKer transistor perIormanFe ZoXOG Ee neeGeG
a KyEriG IaEriFation EaseG on pie]oeOeFtriF inNMet anG (-Met printinJ FoXOG Ee appOieG ZKereEy tKe
 5
6D-Jate eOeFtroGe overOap is reGXFeG Ey printinJ onOy tKe Eottom Jate ZitK an (-Met printer anG otKer
FirFXit IeatXres ZitK a pie]oeOeFtriF inNMet
 3UinteG Sie]oeleFtUiF 39')7U)( Sulse ZaYe sensoU
In IXtXre tKe GemonstrateG XOtra-tKin ampOiIiers FoXOG Ee XseG to ampOiIy tKe EiosiJnaO Irom a mono-
OitKiFaOOy IaEriFateG sensor ToJetKer ZitK inteJrateG antennas Ior Gata-transIer anG an enerJy sXppOy
Ior poZerinJ tKe aFtive eOements >@ >@ tKese Fomponents FoXOG Iorm an inGepenGent OaE-on-sNin
setXp anG OeaG to tKe miniatXri]ation oI tKe ZKoOe measXrement system >5@ 6ensors EaseG on
orJaniF pie]oeOeFtriF materiaOs eJ 39D) 39D)-Tr)( oIIer a Fonvenient approaFK to tKe meas-
Xrement oI EiosiJnaOs ZKiFK Fan Ee GeteFteG via meFKaniFaO GeIormation eJ pressXre or strain
DXe to tKeir OoZ proFessinJ temperatXre anG soOXtion proFessaEiOity tKey ZoXOG aOso enaEOe tKe Xse
oI OoZ temperatXre XOtra-tKin EioFompatiEOe sXEstrates eJ paryOene or 3(T anG tKe Xse oI print-
inJ tooOs to meet tKe aIIorGaEiOity reTXirement GisFXsseG earOier )XrtKermore tKe seOI-Jeneration oI
a transGXFeG siJnaO via tKe pie]oeOeFtriF eIIeFt ie tKe Jeneration oI a FKarJe in response to me-
FKaniFaO GeIormation ZoXOG OeaG to OoZer enerJy FonsXmption FompareG to sensors XtiOi]inJ otKer
transGXFtion meFKanisms sXFK as FapaFitive or pie]oresistive eIIeFts >5@
TKe EOooG pXOse pressXre Zave traveOOinJ tKroXJK tKe raGiaO arteries is a prime e[ampOe oI a EiosiJnaO
ZKiFK FoXOG Ee GeteFteG XsinJ tKe aIorementioneG pKysiFaO sensors 3arameters FaOFXOateG EaseG
on tKe sKape oI tKe pXOse Zave 3: Fan Ee reOateG to tKe arteriaO eOastiFity ZKiFK Kas Eeen XseG
as an inGiFator Ior severaO FarGiovasFXOar Giseases &9Ds sXFK as Kypertension stroNe Keart IaiO-
Xre anG myoFarGiaO inIarFtion >@ >@ TKe aIIorGaEOe anG reOiaEOe at-Kome sFreeninJ oI tKese Gis-
eases enaEOeG Ey printeG pie]oeOeFtriF sensors FoXOG Kave a siJniIiFant soFiaO impaFt as &9Ds are
amonJ tKe most Fommon FaXses oI GeatK in tKe ZorOG TKe GeteFtion oI tKe pXOse Zave Fan Ee Gone
Ey pXsKinJ tKe sensor eOement aJainst tKe artery ie Ey measXrinJ tKe normaO IorFe or potentiaOOy
Irom tKe EenGinJ oI tKe sNin aEove tKe artery ie Ey measXrinJ tKe normaO IorFe anG strain >@
TKe Iirst option is ZeOO sXiteG Ior tKiFN semi-riJiG IiOms ZKiFK Fan Ee easiOy attaFKeG to an e[ternaO
sensor KoXsinJ ZKiOe tKe seFonG option reTXires an XOtra-tKin Iorm IaFtor to aOOoZ Ior tKe EenGinJ oI
tKe pie]oeOeFtriF eOement aOonJ ZitK tKe sNin 3revioXs stXGies Kave sKoZn tKat it is inGeeG possiEOe
to IaEriFate 39D)-Tr)( EaseG pressXre sensors ZKiFK Fan measXre tKe 3: to a Fertain e[tent
>@ EXt tKe aFFXraFy anG reOiaEiOity oI tKe 3: siJnaO Kas not Eeen vaOiGateG ZitK statistiFaO metKoGs
TKis is an important step to Ee aFFompOisKeG EeIore tKe GeveOopment oI an XOtra-tKin monoOitKiFaOOy
inteJrateG ampOiIier sensor system
In 3uEliFation 9, tKe siJnaO TXaOity oI a printeG 39D)-Tr)( EaseG 3: sensor Zas evaOXateG in a
pre-FOiniFaO stXGy XsinJ statistiFaO metKoGs TKe sensor Zas IaEriFateG on a 15 m tKiFN 3(T sXE-
strate KoZever in tKe IXtXre tKe JoaO is to transIer tKe IaEriFation proFess to a tKinner 1 m 3(T
sXEstrate >@ TKe IaEriFation proFess is piFtXreG in )iJXre  )irst tKe Eottom eOeFtroGe is printeG

XsinJ a pie]oeOeFtriF inNMet printer ZitK AJ-nanopartiFOe inN anG sintereG A TKis is IoOOoZeG Ey Ear
FoatinJ oI tKe 39D)-Tr)( Oayer anG sXEseTXent FXrinJ % 6Freen printinJ is XseG Ior tKe IaEriFa-
tion oI tKe top eOeFtroGe Irom a 3(D2T366 FonGXFtive poOymer & TKe 39D)-Tr)( Oayer is
poOari]eG to inGXFe more sXrIaFe FKarJes anG inFrease tKe sensitivity oI tKe sensor D )inaOOy tKe
sensor is FoateG ZitK a paryOene passivation Oayer to prevent GeJraGation oI tKe 3(D2T366 Fon-
GXFtive poOymer ( TKe monoOitKiF inteJration oI tKe sensor to tKe ampOiIier eOement sKoXOG Ee
possiEOe ZitK tKese printinJ teFKnoOoJies assXminJ tKat tKe sensor is printeG anG poOari]eG prior to
printinJ tKe ampOiIier It sKoXOG Ee aOso noteG tKat inNMet printaEOe 3(D2T366 anG 39D)-Tr)( inNs
e[ist anG tKese FoXOG Ee XseG insteaG oI sFreen printinJ anG Ear FoatinJ to Neep to tKe overaOO tKeme
oI aFKievinJ a KiJKOy FXstomi]aEOe GiJitaO proFess IOoZ
)iJXre  )aEriFation proFess Ior a 39D)-Tr)( EaseG 3: sensor 6ee te[t Ior proFess GesFription
TKe Ear FoateG 39D)-Tr)( Oayer Kas a reOativeOy OoZ mean tKiFNness oI onOy 5   m Ior 
sampOes ZKiOe tKe totaO tKiFNness oI tKe inNMetsFreen printeG eOeFtroGes is in tKe orGer oI 5 m
see )iJXre  F resXOtinJ in a totaO MIM-staFN tKiFNness oI a11 m %aseG on tKe  m stanGarG
Geviation Ior tKe 39D)-Tr)( Oayer tKiFNness it sKoXOG Ee possiEOe to reGXFe tKe Oayer tKiFNness to
a m ZitKoXt a siJniIiFant reGXFtion in tKe yieOG assXminJ a poOari]ation voOtaJe oI  9m anG
GieOeFtriF strenJtK oI  9m >@ ToJetKer ZitK a 1 m 3(T IoiO a  to  m MIM staFN tKiFNness
sKoXOG Ee enoXJK to meet tKe  5 m tKiFNness reTXirement Ior an XOtra-tKin setXp TKe 39D)-
Tr)( Oayer Zas IXrtKer FKaraFteri]eG Ey measXrinJ tKe remanent poOari]ation  &Fmð  sam-
pOes anG tKe eIIeFtive pie]oeOeFtriF FoeIIiFient  -   p&1 1 sampOes ZKiFK FompareG
ZeOO to tKe OiteratXre vaOXes oI  &Fmð anG -5 p&1 respeFtiveOy see )iJXre 1 I It mXst Ee
noteG tKat tKe  measXrement may Fontain aGGitionaO FontriEXtion Irom otKer pie]oeOeFtriF FoeI-
IiFients aFtivateG Ey mXOtiGireFtionaO IorFes anG tKat tKe materiaO  may tKereIore GiIIer Irom tKe
measXreG eIIeFtive vaOXe +oZever tKe eIIeFt oI mXOtiGireFtionaO IorFes GXrinJ tKe 3: measXrement
GisFXsseG more tKoroXJKOy in tKe ne[t paraJrapK Fannot Ee rXOeG oXt anG a transverse pie]oeOeFtriF
FoeIIiFient may aOso aIIeFt tKe sensor sensitivity tKere
 
)iJXre  A 39D)-Tr)( 3:-sensor strXFtXre A anG % poOinJ ZaveIorm & (M)i anG 39D)-
Tr)( sensors ZitK  measXrement e[Fitation points D 39D)-Tr)( 3: sensor tKiFNness oI 
sampOes ( anG eIIeFtive pie]oeOeFtriF FoeIIiFient  oI 1 sampOes ) Irom 3uEliFation 9,
DXrinJ tKe 3: measXrement tKe 39D)-Tr)( sensor Zas instaOOeG in a sensor KoXsinJ toJetKer
ZitK a previoXsOy vaOiGateG eOeFtromeFKaniFaO IiOm (M)i EaseG 3: sensor >1@ anG tKe setXp Zas
attaFKeG aJainst tKe raGiaO artery on a nXmEer oI patients¶ Zrists see )iJXre  OeIt TKe 3: oI 
patients Zere measXreG anG FOiniFaOOy reOevant inGiFes Zere FaOFXOateG EaseG on tKe oEtaineG siJnaO
Irom EotK sensors see )iJXre  miGGOe anG riJKt TKe aJreement EetZeen tKe tZo sensors Zas
tKen evaOXateG XsinJ Fommon statistiFaO metKoGs AFForGinJ to tKe resXOts tKe tZo 3: sensors
Zere in stronJ aJreement Ior tKe stiIIness inGe[ 6I ZKiOe moGerate aJreement Zas IoXnG Ior tKe
raGiaO aXJmentation inGe[ rAI[ +oZever tKe aJreement Ior tKe reIOeFtion inGe[ RI Zas sOiJKtOy
over tKe Oimit It Zas KypotKesi]eG tKat tKe pOaFement oI measXrement setXp miJKt vary EetZeen tKe
patients anG tKis FoXOG FaXse mXOtiGireFtionaO IorFes to Ee e[erteG on tKe 39D)-Tr)( ± (M)i sen-
sor staFN 6inFe tKe 39D)-Tr)( is sensitive to mXOtiGireFtionaO IorFes anG tKe (M)i sensor is onOy
sensitive to tKe normaO IorFe poor sensor pOaFement ZoXOG onOy aIIeFt tKe parameters FaOFXOateG
EaseG on tKe 39D)-Tr)( JenerateG siJnaO

)iJXre  3: measXrement setXp riJKt 3: IeatXre points XseG Ior FaOFXOation oI reOevant inGiFes
miGGOe anG 3: measXrement siJnaO Fomparison oI (M)i anG printeG 39D)-Tr)( sensors riJKt
Irom 3uEliFation 9,  I((( 1
3rior to tKis stXGy printeG 3:-sensors KaG Eeen GemonstrateG >@>@>@ EXt tKe vaOiGity anG
reOiaEiOity oI tKe 3: siJnaO JenerateG Ey tKem KaG not Eeen stXGieG ZitK statistiFaOOy siJniIiFant sam-
pOe si]es or ZitK tKe Xse oI a reIerenFe 3:-sensor In tKis FontriEXtion tKe aGGitive IaEriFation oI a
39D)-Tr)( EaseG pie]oeOeFtriF 3: sensor Zas GemonstrateG anG tKe siJnaO TXaOity Zas vaOiGateG
in a pre-FOiniFaO stXGy aJainst a state-oI-art 3: sensor TKe resXOts sKoZeG tKat tKe sensor FoXOG Ee
XseG Ior measXrinJ Fertain FOiniFaOOy reOevant 3: inGiFes sXFK as tKe pXOse peaN time GiIIerenFe RI
anG rAI[ TKe KypotKesi]eG sKear IorFe inGXFeG noise in tKe 39D)-Tr)( sensor proviGes motiva-
tion to GeveOop an XOtra-tKin pXOse Zave sensor ZitK a more GireFt FoXpOinJ EetZeen tKe measXreG
pKenomenon EenGinJ oI sNin anG tKe sensor
 
 &onFluGing UePaUNs
&ontinXoXs improvements in OitKoJrapKiF IaEriFation proFesses toZarGs KiJKer resoOXtion anG mon-
oOitKiF inteJration Kave OeG to tKe GeveOopment oI KiJKOy miniatXri]eG siOiFon EaseG eOeFtroniF GeviFes
TKis Kas resXOteG in inFreaseG operatinJ speeGs OoZer enerJy FonsXmption anG smaOOer paFNaJe
si]es ZKiFK toJetKer Kave enaEOeG tKe XEiTXitoXs aGoption oI eOeFtroniFs into oXr every-Gay Oives
TKe printeG eOeFtroniFs IaEriFation proFesses sXIIer Irom OimiteG resoOXtion anG it is tKereIore XnOiNeOy
tKat tKey ZiOO aFKieve a simiOar sFaOe oI miniatXri]ation +oZever as GemonstrateG in tKis tKesis
tKere are mXOtipOe appOiFation IieOGs ZKere pXsKinJ tKe enveOope oI GiJitaO printinJ teFKnoOoJies to-
ZarGs KiJKer resoOXtion anG KiJKer OeveOs oI miniatXri]ation resXOts in inFreaseG anG in some Fases
FompOeteOy neZ IXnFtionaOities
In eOeFtroniFs paFNaJinJ 3uEliFations , anG ,, tKe IeasiEiOity oI (-Met anG pie]oeOeFtriF inNMet print-
inJ Zas GemonstrateG in IaEriFation oI a KiJK-Gensity RDL ZitK FomparaEOe resoOXtion to FXrrent
OitKoJrapKiF metKoGs TKe resXOtinJ KiJKOy FXstomi]aEOe proFess IOoZ FoXOG enaEOe Iaster anG more
Fost-eIIeFtive prototypinJ anG smaOO EatFK paFNaJe IaEriFation FompareG to OitKoJrapKiF IaEriFation
metKoGs ZitK KiJK tooOinJ Fosts TKis ZoXOG aOso enaEOe ZaIer OeveO IaEriFation oI FXstomi]eG RDLs
It ZoXOG aOso reGXFe tKe environmentaO impaFt tKroXJK reGXFeG materiaO FonsXmption anG tKe Xse
oI Oess Ka]arGoXs proFessinJ FKemiFaOs As GemonstrateG tKese EeneIits ZoXOG Fome ZitKoXt saF-
riIiFes in tKe I2-Gensity anG tKe si]e oI tKe paFNaJe &ompareG to otKer IXOOy printeG KiJK Gensity
reGistriEXtion Oayers IaEriFateG Ior e[ampOe ZitK aerosoO printinJ tKese resXOts sKoZ a  to  IoOG
inFrease in ZirinJ Gensity anG a1 IoOG GeFrease in via Giameter
In appOiFation speFiIiF inteJrateG printeG FirFXit A63(& IaEriFation 3uEliFations ,,, anG ,9 (-Met
printinJ Zas sKoZn to resXOt in FomparaEOe resoOXtion to otKer KiJK-preFision printinJ teFKnoOoJies
tKereEy GemonstratinJ tKe IieOG-FonIiJXraEiOity oI tKe Jate arrays ZitKoXt saFriIiFes in tKeir Gensity or
FonFomitant proFessinJ speeG &omparison EetZeen printinJ teFKnoOoJies anG OitKoJrapKiF metKoG
is not neFessariOy sensiEOe EeFaXse IieOG-FonIiJXraEiOity is enaEOeG Ey GiJitaO printinJ teFKnoOoJies
anG ZoXOG not Ee possiEOe to aFKieve ZitK OitKoJrapKiF metKoGs GXe to tooOinJ reTXirements +oZ-
ever it may Ee speFXOateG tKat tKere is tKe potentiaO to inFrease tKe array Gensity so it ZoXOG Ee
FOoser to OitKoJrapKiFaOOy IaEriFateG A6I&s Ey empOoyinJ interFonneFt resoXrFes optimi]eG to taNe
tKe IXOO aGvantaJe oI tKe IemtoOiter (-Met GropOets
TKe monoOitKiF inteJration oI printeG aFtive anG passive Fomponents on XOtra-tKin EioFompatiEOe
sXEstrates ZitK GiJitaO printinJ teFKnoOoJies enaEOes tKe IaEriFation oI KiJKOy sNin-FonIormaEOe Ge-
viFes Ior EiosiJnaO ampOiIiFation in 3uEliFation 9 an aOO printeG XOtra-tKin FKarJe ampOiIier Zas
GemonstrateG AJain tKis type oI IXnFtionaOity tKroXJK tKe miniatXri]ation oI tKe GeviFe tKiFNness is
enaEOeG Ey printinJ teFKnoOoJies aOone anG Fannot Ee aFKieveG ZitK FonventionaO aFtivepassive
Fomponents GXe to tKeir pKysiFaO si]e anG riJiGity A GireFt perIormanFe Fomparison EetZeen tKe

FonventionaO anG GemonstrateG ampOiIier is tKereIore not vaOiG +oZever it Zas sKoZn tKat tKe per-
IormanFe oI tKe aOO printeG ampOiIier is sXIIiFient Ior ampOiIiFation oI an arteriaO pXOse Zave siJnaO ZitK
sXIIiFient GetaiO to Getermine FOiniFaOOy siJniIiFant parameters TKe KiJK-preFision printinJ teFKnoOo-
Jies XseG tKereIore enaEOe FompOeteOy neZ IXnFtionaOities in KXman KeaOtK monitorinJ ZKiFK Kave
not e[isteG EeIore &ompareG to printeG ampOiIier FirFXits IaEriFateG ZitK FonventionaO passive Fom-
ponents tKe GemonstrateG IXOOy printeG ampOiIier aFKieves FomparaEOe operatinJ voOtaJe 5 9 vs 
to  9 anG voOtaJe ampOiIiFation 1 vs 1 to 
In tKe IXtXre tKe tKiFNness oI tKe 3: sensor JeneratinJ tKe EiosiJnaO sKoXOG Ee aOso miniatXri]eG
so tKat tKe ZKoOe system ie ampOiIier  sensor FoXOG Ee monoOitKiFaOOy IaEriFateG on tKe same
XOtra-tKin sXEstrate +oZever EeIore attemptinJ tKis tKe aFFXraFy anG reOiaEiOity oI tKe EiosiJnaO
JenerateG Ey tKe pressXre sensor sKoXOG Ee vaOiGateG 3uEliFation 9, TKe Oast pXEOiFation in tKis
tKesis sKoZs tKat it is inGeeG possiEOe to Jenerate a reOiaEOe 3: siJnaO ZitK a pie]oeOeFtriF pressXre
sensor IaEriFateG ZitK printinJ tooOs TKese resXOts pave tKe Zay Ior miniatXri]ation oI tKe entire
EiosiJnaO monitorinJ system 3rior to tKis stXGy printeG 3:-sensors Kave Eeen GemonstrateG EXt
tKe vaOiGity anG reOiaEiOity oI tKe 3: siJnaO JenerateG Ey tKem Kas not Eeen stXGieG ZitK statistiFaOOy
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